BD.A0801  35 


AEOSR-TR-  80-  0065 


Reproduced  From 
Best  Available  Copy 


D  D  C 


M 


06? 


■Approved  i' '.!!•  p’.'hl  1c  relcn 
distribution  unlimited. 


TIME-TEMPERATURE  STUDIES  OF  HIGH  TEMPERATURE 
DETERIORATION  PHENOMENA  IN  LUBRICANT  SYSTEMS  : 
SYNTHETIC  ESTER  LUBRICANTS 

By 

L.  R.  Mahoney,  S.  Korcek,  P.  A.  Willermet, 

E.  3.  Hamilton,  3r.,  R.  K.  3ensen,  M.  Zinbo, 

S.  K.  Kandah,  J.  M.  Norbeck,  and  L.  A.  Scheich 

Engineering  and  Research  Staff 
Research 

Ford  Motor  Company 
Dearborn,  Michigan  48121 


AIR  FORCF  OFFICE  OF  SCIENTIFIC  RESEARCH  (AFSC) 

notice  of  transmittal  to  ddc 

This  tecl:ni;,:,.l  rtuort  has  been -.reviewed  and  is 
aps-rowd  t‘c.r  p.U'lic,  niaaso  Uu?  MR  lJO-i.2  (7b) 
Distribution  is  unlimited,- . 

A.  D.  BLOSE  ,  : 

Technical  Information  Officer 


READ  INSTRUCTIONS 
nEI'ORF.  rOMPLETING  FORM 


.  GOVT  ACCESSION  NO.  3.,  RECIPIENTS  CATALOG  NUMBER 


I  Time-Temperature  Studies  of  High'  Temperature 
f  Deterioration  Phenomena  in  Lubricant  Systems: 


Synthetic  Ester  Lubricants  _ 


tVillorrnct. 


/  F446^(-76-C7d^97/J 


3.  PiR.  ORMING  0»Vlkl2  ;  7  NAM:1  A  \  T  *C. 


Ford  Motor  Company  ' 
Dearborn,  Michigan  4S121 


»1.  CONTROLLING  OFFICE  NAME  AND  ADCHtSS 

Air  Force  Office  of  Scientific  Research,  M<L 
Bolling  Air  Force  Base.  DC  20332 


14.  MONITORING  AGENCY  NAME  S  ADORESSt'if  different  from  Controlling  Office) 


□332=32SSBSn 

Jmmmk 


IS«.  DECLAS3IFICAWON-  DOWNGRADING 
SCHEDULE 


16.  DISTRIBUTION  STATEMENT  (o I  this  tf.porf) 


Approved  for  public  release:  Distribution  unlimited 


IT.  DISTRIBUTION  STATEMENT  (of  the  ebatrect  entered  in  Block  20,  if  different  from  Report) 


19.  KEY  WOROS  (Continue  on  revarae  aide  If  neceeemry  end  Identify  by  block  number) 

Synthetic  Ester  Lubricants,  Pentaerythritvl  tetraheptanoate,  Chemical 
Kinetics,  Deterioration,  Stirred  Flow  Reactor,  Wear,  Antioxidants. 

urn 


I/O!  -3X7  ^1 AA  ' 

ABSTRACT  (Continue  on  revere*  aide  l(  nec**$*ry  and  identify  by  block  number) 

'■“^Akinetic  and  mechjnist'C  study  of  the  autoxidation  of  liquid  pentaerythritvl 
tetraheptanoate,  PETI-1.  in  a  stirred  flow  reactor  at  ISO  to  220°C  was  completed.  The 
results  are  consistent  with  the  occurrence  of  a  chain  reaction  scheme  similar  to  that 
proposed  -for  n-hexadecan^  autoxidation.  .Tics  scheme  includes  tde  formation  c: 
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•  ^CompartSons'  of  various  rate  parameters  for^,  the  n-hexadecane  and  PETH  systems 
feveai  that  the  values  of  k?  and  (k3/H-atom)/(2kg)  *  are  within  experimental  uncertainties 
identical  for  the  two  systems  at  180  °C. 

Laboratory  studies  showed  that  small  degrees  of  autoxidation  produce  large  increases 
in  metal  wear  when  PETH  functions  as  a  boundary  lubricant.  The  results  indicate  that 
monoesters  of  dicarboxylic  acids  produced  in  reaction  (7)  are  the  products  which  in 
conjunction  with  hydroperoxides  result  in  the  increased-wear. 

We  find  that  upon  the  introduction  of  an  antioxidant,  AH,  the  radical  termination 
reactions  (6)  are  replaced  by  the  termination  reaction  sequences, 

•<S 

XOy  +  AH  ~  XO,H  +  A*  (8),  (-8) 

Z  k  L 

-8 


K9 

X02-  +  A-  — — -  Pj 

(9) 

1 

kg, 

2A*  *— *-  P2 

(9’)  | 

(n-2)X02*  +  Pj  ~ 

i 

(10) 

i  non  radical  products 

(n-2)  X02.  +  P2  k10^  \ 

(10') 

where  Pj  and  P2  are  antioxidant  active  intermediate  products  of  the  reactions  of  the  initial 
antioxidant  radical  A*  and  n  is  the  total  number  of  XC>2»  radicals  consumned  by  the 
reactions  of  a  molecule  of  AH  and  its  reactive  products. 

The  results  for  the  4,4'-dioctyldiphenylamine  inhibited  autoxidation  of  PETH  at  ISO  to  j 
220°C  are  consistent  with  the  occurence  of  reaction  sequence  (8)  through  (10)  where 
k_g(XOOH)>  >  kgtXOy)  and  n  is  very  large,  ca.  19.  This  large  value'  of  n  requires  that 
reactions  (9)  and  (i 0)  be  cyclic  processes  involving  the  consumption  and  then  the 
regeneration  of  species  such  as  nitroxy  radicals  and  hydroxylamine  products  of  A-. 

,  The  results  for  the  4,4'-methylenebis(2,6-di-tert-butylphenol)  inhibited  autoxidation 
of  PETH  at  180  to  220°C  are  consistent  with  the  occurrence  of  reaction  scheme  (S)  -  (10) 
where  kg  (XOy)  and  kg,  (AO  >>  k_j  (XOOH)  and  n  is  equal  to  ca.  4.0.  The  product  of 
reaction  (9')  has  been  shown  to  be  the  quinone  methide,  QM.  From  the  consumption  of  AH 
and  the  growth  and  the  decay  of  QM  a  general  rate  equation  for  the  disappearance  of  AH 
has  been  derived. 

^  Based  upon  the  results  of  these  inhibited  autoxidation  studies  a  method  for 
establishing  the  relationships  between  structure  and  thermoxidative  stability  of  synthetic 
ester  lubricants  has  been  developed.  fC-Kinetic  equations  have  been  derived  for  the 
autoxidation  of  ester  systems  inhibited  by  antioxidants  for  which  k„  (X02,)>  >  k^g  (XOOH) 
and  numerical  procedures  have  been  developed  for  the  solutions  oi  these  equations.  The 
solutions  yield  values  of  the  ratios  of  the  inhibition  periods  for  ester  systems  as  a  function 
of  the  values  of  kg/(k,/H-atom),  n  and  the  relative  contribution  of  intramolecular  and 
intermolecular  abstraction  reactions  jn  the  inhibited  ester  aufoxidations.  Utilizing  values 

of  k^/kj(RH)  and  '^/k^RH)  observedjin  the  autoxidation  of  PETH,  values  of  n  equal  to*2.0, 
and  kg/(kj/H-atom)  equal  to  2.5  x  19  ,  the  ratios  of  the  inhibition  periods  calculated  by  the 
procedure5  are  found  to  be  in  excellent  agreement  with  the  experimental  ratios  for  the  n-C^ 
through  n-C«  pentaerythrityl  alkanoates  containing  1  weight  per  cent  N-phenyl-a- 
napthylaminc5 at  232°C. 
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ABSTRACT 


A  !';netic  and  mechanistic  study  of  the  autoxidation  of  liquid  pen- 
taerythrityl  tetraheptanoate,  PETH,  in  a  stirred  flow  reactor  at  ISO  to  220°C 
was  completed.  The  results  are  consistent  with  the  occurrence  of  a  chain 
reaction  scheme  similar  to  that  proposed  for  n-hexadecane  autoxidation: 


Initiatic 


-OOH 
XO 


HO 


:} 


♦  RH 


->  XO-  +•  -OH 


XOH 

HOH 


+  R- 


Oxidation 


R-  +  O- 


ROOH  +  O- 


k'„ 


->  RO- 


->  HOOROy 


(1) 

(1’) 

(2) 


Intermolecular  Propagation 


R02-  +  RH  — - >  ROOH  +  R*  (3) 

k' 

HOOR02*  +  RH  — - >  HOOROOH  +  R-  (3') 

a,  y  and  ct,  5  Intramolecular  Propagation 

RO-*  — - ->  *ROOH  •  *  (4) 

L  * 

ku  # 

H00R02*  -  — - >  HOOROOH  (4  ) 

Hydroxy  Radical  Formation 

■  k, 

HOOROOH  — - >  H0OR=O  +  -OH  (5) 


Termination 

2  k6  \  , 

2X0,*  — - — >  C  =0  +  0,  +  CH-OH  (6) 

1  /  2  | 


Acid  Formation 

u,y-hoor=o 


-COOH  +-C-CH 
& 


(7) 


where  RH  represents  PETH,  X02*  equals  to  (R02*  +  H00R02*)  and  XO*  to  (RO*+ 
HOORO*  ♦  O  =  RO*). 


Comparisons  of  various  rate  parameters  for  the  n-hexadecane  and  PETH 

Vi 

systems  reveai  that  the  values  of  k^  and  (k^/H-atom)/(2k6)  are  within 
experimental  uncertainties  identical  for  the  two  systems  at  1S0°C. 


ii 


Laboratory  studies  showed  that  small  degrees  of  autoxidation  produce  large 
increases  in  metal  wear  when  PETH  functions  as  a  boundary  lubricant.  The 
results  indicate  that  monoesters  of  dicarboxyiic  acids  produced  in  reaction  (7) 
lare  the  products  which  in  conjunction  with  hydroperoxides  result  in  the 
increased  wear. 

We  find  that  upon  the  introduction  of  an  antioxidant,  AH,  the  radical 
termination  reactions  (6)  are  replaced  by  the  termination  reaction  sequences, 


XOy  +  AH  XO,H  +  A- 

L  k  L 

-8 


(8),  (-8) 


X02-  +  A* 


->  P, 


(9) 


kqi 

2A*  — - >  P- 


(90 


(n-2)X02-  ♦  Pj  > 


Qt 

(n-2)X02«  ♦  P2  -iii— > 


non  radical  products 


(10) 


(100 


where  Pj  and  P2  are  antioxidant  active  intermediate  products  of  the  reactions  of 
the  initial  antioxidant  radical  A*  and  n  is  the  total  number  of  X02*  radicals 
consumned  by  the  reactions  of  a  molecule  of  AH  and  its  reactive  products. 


The  results  for  the  ^’-dioctyldiphenylamine  inhibited  autoxidation  of 
PETH  at  ISO  to  229°C  arc  consistent  with  the  occurrence  of  reaction  sequence 


(8)  through  (10)  where  k  g(XOOH)  >  >  kg(X02*)  and  n  is  very  large,  ca.  19.  This 
large  value  of  n  requires  that  reactions  (9)  and  (10)  be  cyclic  processes  involving 
the  consumption  and  then  the  regeneration  of  species  such  as  nitroxy  radicals  and 
hydroxylamine  products  of  A*. 

The  results  for  the  4,4'-me:hylenebis(2,6-di-tert-butyfphenol)  inhibited 
autoxidation  of  PETH  at  180  to  220°C  are  consistent  with  the  occurrence  of 
reaction  scheme  (8)  -  (10)  where  kg  (XOy )  and  kg,  (A*)  >>  k  ^  (XOOH)  and  n  is 
equal  to  ca.  4.0.  The  product  of  reaction  (9')  has  been  shown  to  be  the  quinone 
methide,  QM.  From  the  consumption  of  AH  and  the  growth  and  the  decay  of  Q.S1 
a  general  rate  equation  for  the  disappearance  of  AH  has  been  derived. 

Based  upon  the  results  of  these  inhibited  autoxidation  studies  a  method  for 
establishing  the  relationships  between  structure  and  thermoxi dative  stability  of 
synthetic  ester  lubricants  has  been  developed.  Kinetic  equations  have  been 
derived  for  the  autoxidation  of  ester  systems  inkbited  by  antioxidants  for  which 
kg  (X02*)  >  >  k  g  (XOOH)  and  numerical  procedures  have  been  developed  for  the 
solutions  of  these  equations.  The  solutions  yield  values  of  the  ratios  of  the 
inhibition  periods  for  ester  systems  as  a  function  of  the  values  of  kg/(kg/H- 
atom),  n  and  the  relative  contribution  of  intramolecular  and  intermolecular 
abstraction  reactions  in  the  inhibited  ester  autoxidatidns.  Utilizing  values  of 
k^/kj(RH)  and  k^/k^(RH)  observed  in  the  autoxidation  of  PETH,  values  of  n  equal 
to  2.0,  and  k^/(k^/H-atom)  equal  to  2.5  x  10^,  the  ratios  of  the  inhibition  periods 
calculated  by  the  procedure  are  found  to  be  in  excellent  agreement  with  the 
experimental  ratios  for  the  n-C^  through  rvCg  pentaerythrityl  alkanoates 
containing  1  weight  per  cent  N-phenyl- a -napthyl3inine  at  232°C. 
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I  INTRODUCTION 


This  is  the  final  report  on  the  work  carried  out  during  the  period  April  1, 
1976  to  September  30,  1979  under  the  Air  Force  Office  of  Scientific  Research  - 
Ford  Contract,  F^4620-76-C-Q097,  entitled  "Time  -  Temperature  Studies  of  High 
Temperature  Deterioration  Phenomena  in  Lubricant  Systems:  Synthetic  Ester 

Lubricants." 

Preprints  of  technical  papers  riesci.ioi.ig  the  lesuits  oi  uutoxtoation  and  of 

wear  studies  on  pentaerythrityl  tetraheptanoate,  PETH,  are  Attachments  I  and  II 
of  the  report.  The  first  paper  entitlcc  "Kinetics  and  Mechanism  of  the 
Autoxidatior.  of  Pentaerythrityl  Tetraheptanoate  at  180  to  220°C"  by  E.  3. 
Hamilton,  Jr.,  S.  Korcek,  L.  R.  Mahoney,  and  M.  Zinbo  has  been  accepted  for 
publication  in  the  International  Jour  nl  of  Chemical  Kinetics.  The  second  paper 
entitled  "Lubricant  Degradation  and  Wear.  IV.  The  Effect  of  Oxidation  on  the 
Wear  Behavior  of  Pentaerythrityl  Tetraheptanoate"  by  P.  A.* Willermet,  L.  R. 
Mahoney,  and  5.  Kandah  will  be  presented  at  the  1980  ASME/ASLE  Lubrication 
Conference  in  San  Francisco,  California. 

The  work  on  the  kinetics  an<J .  mechanism  of  inhibited  autoxidation  of 
synthetic  ester  lubricants  is' described  in  sections  H  -  IV.  It  is  anticipated  that 
following  the  completion  of  a  limited  number  of  additional  experiments  each  of 
these  sections  will  be  prepared  and  submitted  for  publication  in  technical 
journals.  The  respective  authors  of  these  papers  are  indicated  at  the  beginning 
of  each  section. 


II  KINETICS  AND  MECHANISM  OF  M'-DIOCTYLDIPHENYLAMINE 
INHIBITED  AUTOXIDATION  AT  160  TO  220°C 

(R.  K.  Jensen,  S.  Korcek,  L.  R.  Mahoney,  L.  A.  Schelch,  and  M.  Zinbo) 

In  the  present  section  ve  report  the  results  of  our  work  on  the  inhibition  of 
the  autoxidation  of  PETH  and  of  n-hexadecane  by  4,4'-dioctyIdiphenyIamine.  To 
determine  the  complex  rate  expressions  describing  the  kinetics  in  these  systems 
studies  were  carried  out  at  very  low-  (less  than  5  x  ICT'.Vl;  and  at  very  high  (up  to 
5  x  10  M)  concentrations  of  the  antioxidant.  The  stirred  flow  reactor  system 
was  utilized  for  the  low  concentration  experiments  while  the  high  concentration 
experiments  were  carried  out  in  a  batch  reactor. 

A  reaction  mechanism  is  proposed  which  accounts  for  the  results  at  both 
low  and  high  concentrations  of  the  amine.  Although  various  novel  features  of  the 
proposed  reaction  mechanism  receive  support  from  theoretical  considerations 
and  from  the  results  of  recent  work  from  other  laboratories  the  detailed 
elucidation  of  the  mechanism  requires  additional  work. 


LOW  CONCENTRATIONS  OF  AMINE  -  Table  I  summarizes  the  results  of  amine, 
hydroperoxide,  and  acid  analyses  of  samples  from  stirred  fiow  reactor  experi¬ 
ments  in  PETH  at  180°C  and  in  n-hexadecane  at  160  and  IS0°C. 


TABLE  1 


AUTOXIDAT1CN  OF  PETH  AND  N-HEXADECANE. 
INHIBITED  BY  4,4’-D:OCTYLDIPHENYLAMINE 

(Stirred  Flow  Reactor  Experiments) 


Temp 

T 

Run 

(AH) 

o 

,  (AH)t 

(-OOH)-3- 

(-COOH) 

<°C> 

(s) 

Number 

104(X), 

m£ 

n-hexadecane 

160 

224 

212 

0.37(2)* 

0.29(1)4 

53.0 

8.2 

991 

213 

0.37(2)* 

0.24(2)4 

107 

19.1 

1096 

214 

0.37(2)* 

0.23(2)5 

146 

28.2 

838 

208 

0.65(2)13 

0 . 56  ( 1 )  "* 

38. S 

6.7 

906 

209 

0.65<2)10 

0.54O)3 

44.2 

8.2 

950 

210 

0.65(2) 

0.5K1)4 

70.3 

12.2  . 

1061 

21  i 

0.65(2) 10 

0 . 46 ( 1 ) 4 

108 

18.9 

180 

138 

204 

0.70(0)2 

0.63 

22.3 

2.4 

154 

.203 

0.70(0)2 

0.55C1)2 

38.9 

5.7 

177 

202 

0.70(0)2 

0.45(2)2 

71.1 

11.2 

223 

201 

2.24(3)2 

1.90^ 

21.9 

3.8 

232 

200 

2.24(3}2 

1.85-b- 

41.9 

7.7 

233 

199 

2.24(3)2 

1.60(5)2 

60.4 

15.0 

277 

198 

2.24(3)2 

1 . 56 ( 4 ) 2 

154 

41.1 

3C3 

197 

2.24(3)2 

1.18(1)2 

202 

60.0 

306 

196 

3.94(7)2 

3.46 

30.9 

320 

194 

3.94{7)2 

3.40— 

371 

195 

3.94(7)2 

2.09(6)2 

219 

90.0 

343 

193 

4.35C3)2 

3.00 

107 

363 

192 

4.35(3)2 

2.6K6)2 

195 

56.6 

382 

191 

4.35(3)2 

2.19 

342 

129 

PETH 

180 

3*0 

71 

0.82(4)3 

0.56(3)2 

34.5 

11.8 

380 

70 

O.S2(4)3 

0.63 

31.5 

10.8 

402 

72 

Q.82(4)3 

0.42 

71.9 

32.0 

832 

75. 

2.49(5)3 

l.SS(l)2 

54.0 

20.9 

1006 

76 

4.07(3)2 

3.31(3)3 

44.5 

18.0(8) 

-  The  value  of  (-OOH)  in  PETH  includes  hydrogen  peroxide  but  in  n- 
hexadecane  it  has  been  subtracted  out.  The  correction  amounts  to  about 
5%. 


—  Values  from  GLC  on  reduced  samples. 

£  The  uncertainties  of  measured  .values  are  indicated  in  parenthesis.  The 
values  listed  are  averages  obtained  by  incependent  analyses:  their  number  is 

s 

given  by  a  number  superscript.  For  example,  0.37(2)  denotes  that  eight 
measured  values  lay  in  the  range  0.37  ♦  0.02. 


The  results  are  consistent  with  the  reaction  sequence  (1)  -  (7)  proposed 
earlier  for  the  chain  autoxidation  of  PETH^  and  n-hexadecane^  (cf.  Figure  2  in 
Section  IV)  and  the  additional  termination  reactions  of  the  amine,  AH, 


XO?*  +  AH  ZZl  XOOH  +  A*  (8),  (-8) 

k-8 

k 

(n-l)X02*  +  A*  — _ »  non  radical  products  (9) 


In  contrast  to  conventional  inhibited  autoxidation  reaction  mechanisms  the 

transfer  reactions  of  amine  hydrogen  to  peroxy  radicals,  reaction  (8),  are 
reversible.  As  a  consequence  of  this  reversibility  the  rates  of  product  formation 
are  suppressed  since  the  total  concentration  of  chain  carrying  radicals  decreases 
via  reaction  (9).  However,  the  distribution  of  various  products  is  not  altered  by 
the  presence  of  the  amine.1  This  unique  behavior  for  the  amine  inhibited 
systems  is  clearly  demonstrated  by  the  results  in  Figure  1.  In  the  figure  it  is 
shown  that  the  ratios  of  yields  of  various  products  of  n-hexadecane  to 
monohydroperoxide  products  are  not  altered  in  the  presence  of  low  concentra¬ 
tions  of  added  amine. 


1  If  reaction  (8)  was  not-  reversible  the  distribution  of  products  would  be 
strongly  dependent  on  amine  concentration:  at  higher  amine  concentration 
the  ratio  of  difunctional  to  monofunctional  products  would  be  very  low 
compared  to  the  uninhibited  autoxidation. 
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I03[x], 


Values  of  nk^Kg/2kg  and  n  may  be  obtained  from  the  following  kinetic 
analyses.  Utilizing  the  usual  steady  state  approximations  for  concentrations  of 
radicals, 

where 

When 

where 

Combining  (I)  and  (II)  yields, 


In  earlier  work^1*  it  was  shown  that  reaction  scheme  (1)  -  (7)  yields 
equation  (IV)  for  the  sum  of  the  instantaneous  rates  of  formation  of  hydro¬ 
peroxides  and  acids, 


’  1  + 


Vtt,  V 

k3  (RH) 


d  (-OOH)  d  (-COOH) 
+  — 


dt 


dt 


k3  (RH) 


I 

L 


=  h 


i  + 


i  ,  ,  k4-a,^ 

^  +  iT/nr  i\  ^  +L  /n  i 


k^TRH) 


kJlRH) 


r  *  - 
->  .  y 

k4-a,  5 

L  ,  k4-ot,  fij! 

2  kjlRHT 

k,  (RH) 

2 

2  kjTRHlj: 

* 

!h*»y 

5  (RH) 

1  +k~(RHT 

Va,y 

c3  (RH) 

k4-a,  6 
kJTRH)" 

■ 

kj  I  *  (X02-> 


S(xo2*) 


(IV) 


Combining  (III)  and  (IV)  and  squaring  yields 


'd  (-OOH)  d  (-COOH) 
dt  +  dt 


In  Figures  2  and  3  are  plots  of  (-OOH)/(  (d  (-OOH)/dt)  +  (d  (-COOH)/dt))  2 
versus  (AH)/(-OOH)  for  the  PETH  system  at  180°C  qnd  the  n-hexadecane  system 
at  160  and  180°C.  The  plot  is  linear  for  PETH  but  shows  significant  curvature 
for  n-hexadecane.  From  the  slope  of  the  straight  line  for  PETH  a  value  of 
nk^Kg/2kg  equal  to  840  is  obtained.  The  strong  curvature  in  the  n-hexadecane 
plots  suggests  that  either  reactions  (i)  -  (S)  are  not  applicable  to  the  system  or 
that  additional  reactions  of  amino  radicals  occur  in  the  system  and  lead  to  a 
systematic  lowering  of  n  with  increasing  concentration  of  amine,  vide  infra. 


n2  (-QOH) 
n  k9  Kg  (AH) 

1  +  2  k6  Pooh) 


(4.35) 


Values  of  n  are  estimated  from  the  instantaneous  rates  of  consumption  of 
amine  which  are  given  by  the  following  equation: 

-  =  k9  (xo2o  (a-)  (vn 


n  (AH) 

2  kj  (-OOH) 


(VIII) 


In  Figures  4  and  5  are  plots  of  l/(-d  £n  (AH)/dt)  versus  (AH)/(-OOH).  As  in 
the  case  of  eq.  (V),  the  PETH  system  obeys  eq.  (VIII)  while  the  n-hexadecane 
system  shows  strong  curvature  in  the  plots.  The  slope  for  the  PETH  system  is 

equal  to  6  x  10  s.  Utilizing  this  value  and  a  value  of  k,  for  PETH  equal  to  1.6  x 

-4  -1(1)  ' 

10  s  yields  a  value  of  n  equal. to  19.  From  initial  slopes  in  n-hexadecane 

values  of  n  are  equal  to  13  (55)  at  180  (160)°C.  These  large  values  of  n  do  not 

appear  to  be  artifacts  generated  by  neglecting  additional  reactions  of  amino 
(3)  2 

radicals  '  such  as 


Reaction  (10)  would  lead  to  regeneration  of  amine  and  thus  would  result  in 
the  observation  of  abnormally  large  n  values. 
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Plots  of  l/(-d  in  ( 

hexadpt'ani»  At  1 


I 


— - 1  _ lo 

[AH]  10  15 

[-00H] 


(AH)/(-OOH)  for  the  inhibited  autoxidation  of  n- 


din  [AH] 


A-  +  RH  AH  +  R* 


vo) 


since  the  high  concentration  experiments  described  below  yield  similarly  high 

values  of  n. 


HIGH  CONCENTRATIONS  OF  A.V1NE  -  Results  from  batch  reactor  studies  of 
hydroperoxide  formation  and  amine  consumption  at  high  concentrations  of  amine 
in  the  PETH  autoxidation  at  180  to  220°C  are  shown  in  Figures  6  to  8. 


At  high  concentrations  of  amine  and  extended  reaction  times  the 
contribution  of  unstable  a ,  Y-hydroperoxyketone  products  to  hydroperoxide  titer 
is  negligible  and  (nkgKg/2k^.)  ((AH)/(-OOH))  >>  1.  The  rate  of  formation  of 
hydroperoxide  groups  is  then  given  by  the  equation 

d  (-OOH)  (  n-a  H-QOH)* 
dt  '  Tn  k9  K~  (AHTtT»  + 

I  2k“  Pooh) 

where  n  and  w  are  composite  rate  parameters  for  the  PETH  system  reported 
earlier^  and  a  is  equal  to  the  number  of  hydroperoxide  groups  formed  by  the 
reactions  of  a  molecule  of  amine  and  its  reaction  products.  Since 

2  kj  (-OOH)t  =  -  — d'tA--}  (X) 


-d  (AH)  "1  .  , 

dt  '  K1 
«■ 


OOH) 
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icr4  t,s 

Figure  6  Hydroperoxide  formation  and  amine  consumption  in.  the  inhibited 
autoxidation  of  PETH  at  ISQJC. 
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Integration  and  rearrangement  of  (XI)  leads  to 


A  master  plot  of  eq.  (XII)  for  ail  of  the  PETH  data  at  high  concentrations 
of  amine  is  given  in  Figure  9.  The  dashed  line  in  the  figure  is  calculated  from  eq. 
(XII)  using  the  1S0°C  low  concentration  amine  experimental  values. 

From  the  reasonably  good  agreement  we  conclude  that  within  the 
experimental  uncertainties  the  rate  equation  derived  from  reactions  (1)  -  (9) 
accurately  describes  our  results  over  a  hundred  fold  range  in  amine  concentra¬ 
tion.  Most  importantly  the  values  of  n  appear  to  be  very  large,  greatly  exceeding 
the  normally  small  integral  values  shown  by  conventional  antioxidant  systems. 

In  the  following  section  we  examine  in  some  detail  the  source  of  these 
large  values  of  n. 

VALUES  OF  n  AND  REACTIONS  OF  AMINO  RADICAL  PRODUCTS  -  The  very 
large  values  of  n  derived  from  the  kinetic  analyses  of  the  low  amine 
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Figure  9  A  plot  of  eq.  (XII)  for  the  inhibited  autoxidation  of  PEYH  at  high 


concentrations  of  the  amine  at  180,  200,  and  220  C. 


(ft) 

Recent  work  by  Howard  et  al.  shows  that  reactions  (9b)  and  (9b')  readily 
occur  at  low  temperatures  with  model  amine  peroxide  systems.  At  elevated 
temperatures  these  reactions  should  be  very  rapid.  Reaction  (9c)  should  be  a 
facile  reaction  since  it  involves  hydrogen  atom  transfer  between  heteroatoms 
and  should  be  ca.  13  kcal/mole  exothermic.^  The  coupled  reactions  (9c)  and 


(9d)  represent  a  cyclic  inhibition  process.  The  cycle  could  be  interrupted  by 
molecular  reactions  of  the  hydroxylamine  intermediate.  These  reactions  include 

O  *  O 

\  II  \  +  .11 

N-OH  +  HO-C-R  1  HN  -OH  +  O-C-R  (11) 

/  / 

O  O 

\  ,  'I  \  il 

HN  -OH  +  HO-R  +  "O-C-R  -*■  N-OR  +  H-O  +  R-C-OH  (11’) 

/  /  2 

Reactions  (11)  and  (11*)  would  be  very  sensitive  to  the  polarity  of  the 
autoxidizing  madia  and  to  the  activities  of  the  reactants.  The  acid-base 
equilibrium  reaction  (11)  . should  be  much  more  favorable  in  n-hexadecane  than  in 
PETH  and  ,  this  factor  could  account  for  the  lower  n  values  observed  in  the 
hydrocarbon  system  at  180°C. 

The  intermediate  nitroxyl  radical  has  been  detected  in  samples  from  our 
stirred  flow  reactor  experiments  by  ESR.  Further  experiments  in  which  this 
species  is  monitored  as  a  function  of  reaction  time  could  yield  more  information. 

DEPENDENCE  OF  INHIBITION  PERIODS  ON  (AH)Q  -  In  Table  II  are  summarized 
the  values  of  the  lengths  of  the  inhibition  periods,  tjnh,  estimated  from  the 
(-OOh/1  versus  time  plots,  Figures  6  to  8,  and -the  initial  amine  concentrations  in 
the  PETH  system  at  180  to  220°C  and  the  n-hexadecane  system  at  180°C.  In  the 
final  column  of  the  table  are  given  the  values  of  t-n^/(AH)^  .  The  nearly 
constant  values  of  this  ratio  contrast  with  the  nearly  constant  values  of 
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TABLE  II 


AUTOXIDATION  OF  PETH  AND  N-HEXADECANE 
INHIBITED  BY  4,4'-DIOCTYLDIPHENYLAMINE 

(Inhibition  Period  Experiments) 


Temp 

o 

X 

< 

-w' 

o 

10‘3tinh 

10-4  w<ah>; 

(C°) 

(M) 

.  (s) 

(M“  %) 

n-hexadecane 

180 

5.25 

1.55 

6.7 

7.61 

1.96 

7.1 

PETH 

180 

6.73(9)3 

5.90 

23 

29.2(3)2 

14.7 

27 

200 

15.2(1 )2 

1.96 

*  5.0 

• 

28 . 2 ( 1 ) 2 

2.73 

5.1 

. 

53.6(0)2 

4.22 

5.8 

220 

28.8(1)2 

0.52 

1.0  ‘ 

53.;:  2)2 

0.75 

1.0 

tjn^/(AH)o  observed  with  many  other  antioxidant  systems  (cf.  the  bisphenol 
results  described  in  the  following  section  of  this  report).  The  source  of  this 
behavior  is  likely  to  be  due  to  reversibility  of  reaction  (S)  with  this  antioxidant. 


Combining  eq.  (X)  with  eq.  (XII)  yields 


Rearrangement  and  integration  of  eq.  (XIII)  gives  the  time  interval,  t2  -  tj,  for 

the  antioxidant  concentration  to  decay  from  (AH)  to  (AH),  , 

X1  t2 


_ -  d  (AH) _ 

m  [(AH)q  -  (AH)t  j  ♦  p  [(AH)*  -  (AH)*J 

(XIV) 


Although  the  length  of  the  inhibition  period  may  not  be  directly  determined  from 
this  equation,  cf.  section  IV  of  this  report,  the  inverse  half  order  term  in  (AH) 
will  likely  lead  to  observed  half  order  dependence  of  t.  ^  on  (AH)Q. 
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EXPERIMENTAL 


MATERIALS  -  Pentaerythrityl  tetraheptanoate,  PETH,  was  purified  by  methods 

previously  described  to  yield  a  PDP  material/^  Hexadecane  was  purified  and 

(2) 

deoxygenated  as  previously  described. 

4,4'-Dioctyldiphenylamine  obtained  from  R.T.  Vanderbilt  Co:  was  recrystal¬ 
lized  three  times  from  methanol  prior  to  use. 

LIQUID  CHROMATOGRAPHIC  ANALYSIS  -  A  Waters’  HPLC  system  was  used 
for  analysis.  The  system  consists  of  a  Model  (  J00  solvent  delivery  pump,  a  model 
U6K  Septumless  injector,  a  model  R401  refractive  index  detector,  and  a  model 
440  dual  micro  UV-VIS  detector. 

HPLC  analysis  was  accomplished  by  reverse-phase  separation  on  a  p  - 
Bondapak  Cjg  column  obtained  from  Waters.  The  column  was^operated  at  room 
temperature  in  the  isocratic  mode  using  CH^OH/^O/CH^CN  (2/5/93)  modified 
with  Waters'  PIC  B-7  reagent  as  the  mobile  phase.  The  4,4'-dioctyldiphenyIamine 
was  detected  at  280  nm.  A  Hewlett  Packard  Model  3380A  integrator  was  used 
for  peak  area  determination. 

ANALYSES  OF  OXIDATION  PRODUCTS  -  Methods  of  analyses  of  individual  n- 

hexadecane  oxidation  products  and  hydroperoxide  and  acid  products  w'ere 
(1  2) 

previously  described.  ’ 
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HI  MECHANISM  OF  4,4'-METHYLENEBIS  (2,6-DI-TERT-BUTYLPHENOL) 
INHIBITED  AUTOXIDATIONS  AT  180  to  220°C 

(R.  K.  Jensen,  S.  Korcek,  L.  R.  Mahoney,  and  M.  Zinbo) 

In  the  following  sections  are  summarized  the  results  obtained  from  the 
study  of  inhibited  oxidation  of  PETH  and  n-hexadecane  in  the  presence  of  a 
phenolic  antioxidant  4,4'-methylenebis(2,6-di-tert-butylphenol),  BPH,  at  elevated 
temperatures.  All  of  these  studies  were  carried  out  in  a  batch  reactor.* 

INHIBITION  PERIOD  STUDIES  -  Figure  1  shows  the  inhibitory  effects  of  varying 
amounts  of  BPH  on  hydroperoxide  formation  in  the  autoxidation  of  PETH  with 
molecular  oxygen  at  180°C.  Results  obtained  from  a  systematic  study  of  the 
lengths  of  the  inhibition  periods,  t-n^,  the  time  periods  for  which  the  chain 
oxidation  is  supressed,  in  PETH  and  n-hexadecane  as  a  function  of  initial 
antioxidant  concentration  and  temperature  are  presented  in  Table  l?' 


1  The  batch  reactor  requires  the  use  of  only  35  to  40  ml  of  PETH  frc.  .  which  a 
number  of  samples  may  be  obtained  as  a  function  of  time.  This  compares  to 
the  iOO  or  more  ml  required  fbr  a  single  stirred  flow  reactor  experiment.  The 
results  obtained  from  these  batch  reactor  experiments  have  provided,  with 
the  minimum  consumption  of  purified  PETH,  considerable  insight  into  the 
kinetic  behavior  of  the  antioxidant  as  a  function  of  reaction  temperature  and 
concentration. 

^  Results  of  the  inhibition  period  s:  :*!'  .  :’i  p/.v.xidi.ted  PETH  are  reported  ir. 

reference  (1),  Attachment  I  of  this  report. 


Figure  I  Inhibition  period  measurements  for  the  BPH  inhibited  autoxidation  of  PETH  at  ISO  C. 

°  _h 

Initial  BPH  concentrations:  A  -  0,  B  -  1.09  x  10  M,  C  -  1.86  x  10  M,  D  -  3.45  x 


TABLE  I 


AUTOXIDATION  OF  PETH  AND  N-HEXADECANE 

INHIBITED  BY  BPH 

(Inhibition  Period  Experiments) 


Temp 

IQ4  (BPH)q 

10'3  *inh 

10-6  tinh/(BPH>; 

(°C) 

<M) 

(s) 

(M']  s) 

n-hexadecane 

ISO 

2.12 

1.91 

9.01 

7.96 

7.36 

9.25 

48.8 

22.5 

4.61 

PETH 

ISO 

1.09 

2.28 

20.9 

1.86 

3.66 

19.7 

3.45 

6.28 

18.2 

200 

5.3 

1.33 

2.51 

10.6 

2.74 

00 

• 

M 

15.7 

3.48 

2.22 

220 

39.1 

1.24 

.  0.32 

50.6 

1.28 

0.25 

76.2  . 

1.64 

0.22 

-  From  eq.  (I)  tinh/(BPH)o  =  n/R. 


The  results  are  best  discussed  in  terms  of  the  values  of  (BPH)Q/t.n^,  where 
(BPH)q  is  initial  concentration  of  antioxidant.  In  the  simplest  case  the  values  of 
(BPH)o/t-n^  are  related  to  the  rates  of  formation  of  the  free  radicals,  R^,  in  an 
oxidizing  hydrocarbon  by  the  expression/^ 


(BPH)  R. 

_  o  i 

t.  .  n 

inh 


(I) 


where  n,  the  stoichiometric  factor,  is  equal  to  the  total  number  of  free  radical 
species  consumed  in  the  complete  reaction  of  one  molecule  of  BPH  and  its 
reactive  products. 


nXC>2*  ♦  BPH  -*•  inert  products.  (II) 

At  60°  and  120°C  the  n  values  for  BPH  are  equal  to  it.oS*3’  From  the  results 
in  Table  I  we  see  that  the  values  of  R./n  show  small  but  systematic  increase  with 
increasing  initial  concentration  of  BPH.  The  magnitude  of  this  effect  was  very 
pronounced  at  220°C.  This  suggests  that  R.  increases  and/or  n  decreases  with 
increasing  (BPH)Q. 

r 

REACTANT  AND  PRODUCT  ANALYSES  -  Figure  2  shows  the  values  of  the 
ratios  of  the  integrated  signal  intensities,  (BPH)t/(BPH>o,  determined  by  HPLC, 
as  a  function  of  time  for  a  series  of  experiments  in  which  varying  concentrations 
of  BPH  were  added  to  pure  PETH  and  to  n-hexadecane  before  exposure  to  oxygen 
at  1S0°C.  At  low  initial  concentrations  of  BPH.  the  decay  curves  are  convex; 


Ratios  (BPH)t/(BPH)o  vs.  time  for  the  DPH  inhibited  autoxidation  of  PETH  and  n- 
hexadecane  (curve  E)  at  180°C.  Initial  BPH  concentrations:  B  -  1.09  x  10-if  M,  C  - 
1.86  x  I  O'4  M,  D  -  3.45  xlO"4  M,  E  -  48.8  x  10'4  M. 


Curves  B  and  C.  As  the  initial  concentration  of  BPH  is  increased,  curves  D  and 
E,  the  convexity  decreases  and  the  slopes  of  (BPH)t/(BPH)Q  versus  time  are 
approximately  constant  for  each  run  within  the  range  of  the  concentrations 
studied. 

Plots  of  (BPH)V(B?H)  and  (BPH)  /(BPH), Q  versus  time  for  pure  PETH  and 

I  O  t  1  o 

a  PETH  system  which  had  been  reacted  with  oxygen  to  produce  60  x  10  M 
ROOH  prior  to  the  addition  of  PBH  are  shown  in  Figure  3.  In  contrast  to  the 
decay  curves  observed  wan  pure  PEi'ri,  curve  D,  the  Gecay  curve  tor  preoxidized 
PETH,  curve  F,  is  concave. 

Concurrent  with  the  decay  of  BPH  is  the  formation  of  quinone  methide, 
QM.  Figure  4  shows  plots  of  (QM)t/(BPH)Q  versus  time  for  the.  pure  PETH 
(curves  C  and  D),  pure  n-hexadecane  (curve  E),  and  preoxidized  PETH  (curve  F) 
at  180°C.  The  nature  of  these  curves  is  consistent  with  the  view  that  the  QM  is 
an  intermediate  product  of  the  antioxidant  reactions  of  BPH.  Further,  the 
dependence  of  the  maximum  yield  of  QM  as  a  function  of  the  initial 
concentration  of  BPH  suggests  that  QM  is  being  consumed  by  radical  species  in 
competition  with  BPH,  Vide  infra. 

Besides  BPH  and  QM  peaks  there  is  a  number  of  unidentified  peaks  in  the 
liquid  chromatograms.  Some  peaks  grow  and  then  decay  with  reaction  time, 
while  others  first  appear  toward  the  end  of  the  inhibition  period.  In  Figure  5  are 
shown  plots  of  the  ratios  of  integrated  signal  intensities  for  QM  and  two 
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Ratios  (BPH)t/(BPH)0  and  (BPH>./(BPH)!S  vs.  time  for  tne  3PH 
inhibited  autoxidation  of  mure  and  oreoxidized  PETH  at  ISO  C.  Initial 
hydroperoxide  concentrations:  D  -  0,  F  -  60  x  10  M.  Initial  BPH 
cor.-TJntrct:  ms:  D  -  3.45  x  10  M»  F  -  7.2  x  10  M. 


Figure  5  Ratios  of  concentrations  of  QM  and  of  two  unidentified  BPH 
products,  #9  and  #15,  to  concentration  of  BPH  vs.  time  for  the  BPH- 
inhibited  autoxidation  of  PETH  at  200°C.  Initial  concentration  of 

BPH  was  equal  to  5.3  x  19'**  M. 


unidentified  products  to  (BPH)^  versus  time  for  a  pure  PETH  system  inhibited  by 
BPH  at  200°C.  In  future  work  we  hope  to  identify  these  species  and  develop 
methods  for  their  quantitative  determination. 


PRELIMINARY  KINETIC  AND  MECHANISTIC  ANALYSES  -  The  reactions  of 

peroxy  radical  species  with  bisphenoi,  BPH,  are  likely  to  involve  facile  hydrogen 

atom  transfer  reactions  to  form  the  corresponding  phenoxy  radical,  BP*,  and 

(2) 

hydroperoxide  products, 


(BPH)  (BP*) 

Phenoxy  radicals,  BP* ,  then  undergo  bimolecular  self  disproportionation 
reaction  (IV)  to  form  a  molecule  of  quinone  methide,  QM,  and  to  regenerate  a 
molecule  of  BPH,^ 


0*  0  OH 


OH  OH  OH 


(QM)  (BPH) 


(BP.) 


and  disproportionation  reaction  (V)with  radical  P«  also  leading  to  a  formation  of 
QM  and  OPH, 


toPH)  (DQOOR) 
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Alternatively,  BP*  can  react  with  a  peroxy  radical  to  form  a  second  product,  P, 
in  reactions  such  as, 


(BP*)  (P) 


(VI) 


Both  QM  and  P  contain  reactive  phenolic  groups  and  may  also  function  as 
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followed  in  the  case  of  P*  by  fast  termination  reactions  (V),  (IX),  and  (X) 
analogous  to  those  of  BP*  (V,  XV,  and  VI), 


k'” 


2P* 


1 


P  +  DQOOR 


k" 

Kt. 


p.  +  ro2*  - POOR 

(ho2*) 


(IX) 


(X) 


Since  radical  Q\l*  cannot  undergo  self  disproportionation  and  has  weaker 
bond  energy  than  BP* ,  we  assume  that  QM*  reacts  only  with  RC2* 


kT 


QM*  +  RQ2*  - DQOOR 


(XI) 


(ho2-) 


From  this  reaction  sequence  the  rate  of  consumption  Of  BPH  at  any  time,  t., 
is  given  by  the  expression. 


d  (BPH) 


PHI  r  xt 

a r1  *  kBPH(R°2)t  (3PH)t  1  "t  (XII) 


where 


2  kl  (BP*r  +  k!'  (BP*)  (P*) 
rl _ 

kBPH  (R02*)  (BFH,t 


(XIII) 


represents  the  fraction  of  BP*  radicals  which  is  converted  to  QM  and  BPH  via 
disproportionation  reactions  (IV)  and  (V).  Similarly,  y^  used  below  is  defined  as 
the  fraction  of  P*  radicals  which  undergoes  disproportionation  reactions  (V)  and 
(IX), 
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(XIV) 


2  k"'  (PO  +k"  (BP* )  (P* ) 
ll  l\ _ 

k  (ROv)  (P) 


Equating  the  sum  of  rates  of  termination  reactions  with  the  rate  of  radical 
formation  ,at  time  t,  (R.)t,  and  making  steady  state  assumptions  for  all  free 
radicals  gives 


(R°2*)  =  (2  .  Xt)  k3pH  (BPH)t  +  2  k  QM  (QM)t  7  (2  -  y^T  kp  (P)t 


The  rate  of  radical  formation  consists  of  the  sum  of  at  least  two  terms,  i.e., 


(RA  =  wo  +  2k1(ROOH)t, 


(XVI) 


where  wq  is  the  constant  rate  of  radical  formation  from  the  spontaneous 
reactions  of  molecular  oxygen,  kj  is  the  composite  first  order  rate  constant  for 
homolysis  of  hydroperoxide,  and  (ROOH)t  is  the  hydroperoxide  concentration  at 
time  t. 


Combining  eqs.  (XI)  through  (XVI)  then  yields  the  general  expression  for 
the  instantaneous  rate  of  disappearance  of  BPH  at  time  t, 


d  (BPHT 


wq  +  2  kj  (ROOH)t 


Vv-  (QM)t  2(2  -yt)  kp  (P)t 
<Bph  "  TbTh^  +  (2  -  xt)  k^j"  (bph^ 


(XVII) 


-33- 


By  appropriate  choice  of  values  for  the  rate  constants  and  ratios  of  rate 


constants,  equation  (XVII)  could  account  for  the  changes  in  the  nature  of  the 
decay  curves  observed  for  (13PH). /G3PH)  and  (bPH)./(3PH),  9  in  the  absence  and 
presence  of  preformed  hydroperoxide,^  cf.  Figures  2  and  3.  When  (ROOH)^  >  > 
wq/2  kj  the  numerator  does  not  change  significantly  while  the  value  of  the 
denominator  rhonotonically  increases  with  reaction  time.  This  leads  to  thq. 
exponential  decay  of  (BPH)t/(BPH)jg  observed  with  preformed  hydroperoxides 
(cf.  Figure  3,  curve  F).  When  (ROOH)t  <  wq/2  kj  the  values  of  the  numerator 
increase  with  reaction  time  due  to  the  homoiysis  of  organic  hydroperoxides 
formed  via  the  antioxidant  reactions  of  BPH,  QM,  and  P.  This  increase  can 
compensate  for  the  increase  in  the  value  of  the  denominator  and  lead,  to  the 
observed  approximately  constant  rate  of  decay  of  (BPH)t/(BPH)Q  in  the  pure 
PETH  and  pure  n-hexadecane  systems  (cf.  curves  D  and  E  in  Figure  2). 


The  highly  convex  decay  curves  exhibited  by  BPH  when  its  concentration 
decays  to  a  low  level,  see  curves  B  and  C  in  Figure  2,  can  then  be  accounted  for 
by  the  occurence  of  an  additional  mode  of  organic  hydroperoxide  formation, 
namely 

(XVIII) 


RO. 


RH 


'RH 


ROzH  ♦  R< 


^  Values  of  the  ra.tos  l  <  (k^/k^p^)  -  ^  anc<  ^P^BPH  ecJual  t0  yield 
calculated  rates  of  BPH  consumption  in  moderately  good  agreement  with 
experimental  values. 
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At  this  point  we  are  in  a  position  to  initiate  stirred  flow  reactor 
experiments  on  PETH  and  h-hexadecane  systems  containing  BPH. '  The  validity  of 
eq,  (XVII)  for  a  general  description  of  the  BPH  inhibited  systems  can  be  readily 
tested  since  the  volume  of  reacted  material  generated  from  a  single  experiment 
may  be  sufficient  to  determine  the  hydroperoxide  concentrations  and  allow  the 
isolation  by  preparative  liquid  chromatography  of  the  various  intermediate 
products.  In  addition,  it  will  be  possible  to  carry  out  experiments  with  admixture 
of  BPH  and  its  intermediate  products  and  thus  determine  with  considerable 


precision  the  values  of  the  ratios  of  rate  constants  such  as  kq^/kgp^. 


MAXIMUM  INHIBITION  PERIODS  -  Independent  of  mechanism,  the  results 

reported  in  Tables  I  and  II  have  considerable  technological  significance.  Values 

of  *'e‘J  calculate!  from  the  results  of  the  present  study 

with  pure  PETH  are  likely  to  represent  the  maximum  inhibition  periods  per  molar 

unit  of  BPH  that  can  be  realized  in  the  service  use  of  PETH  at  a  given 

temperature.  Since  the  maximum  concentrations  of  BPH  utilized  in  the  fully 

_2 

formulated  lubricants  are  in  the  range  of  10  M  one  would  calculate  that  if 
2 

PETH  containing  10  ~.\l  BPH  were  exposed  to  an  oxidation  environment  at  220°C 

4 

rapid  autoxidation  would  occur  within  one  hour  or  ie»s.  The  present  calculation 

does  not  take  into  account  the  effects  of  partial  pressure  of  oxygen  which  would 

increase  the  time  period  of  protection.  However,  such  effects  are  likely  to  be 

counterbalanced  by  the  effects  due  to  impurities  present  in  technical  grade 

PETH.  From  the  results  in  Table  II  we  see  that  the  values  of  t.  ,  /(BPH)  are  a 

inh  o 

factor  of  6  smaller  with  technical  grade  PETH  than  with  the  purified  material. 
Percolation  over  alumina  of  the  technical  grade  material  results  in  a  material 
with  inhibition  times  4  times  lower  than  the  pure  material. 


4 

Calculation  of  tj  ^  for  BPH  by  methods  presented  in  section  IV  of  the  present 
report  is  also  possible.  We  are  currently  modifying  the  equations  utilized  in 
this  work  to  reflect  the  complex  stoichiometry  of  reactions  of  Q\t  end  p 
leading  to  formation  of  ROOH. 
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TABLE  II 


AUTOX1DATION  OF  PETH  INHIBITED  BY 
BPH  -  EFFECT  OF  PETH  PURIFICATION 

(Inhibition  Period  Experiments  at  IS0°C) 


PETH 

104-  (BPH)q 

10'3  «i„h 

10-«  tlnh/(BPH)0 

(M) 

(s) 

(:vf  !  S) 

Technical  Grade 

3.50 

ca.  1.0 

ca.  2.9 

Percolated  -  Alumina- 

3.60 

ca.  L.8 

ca.  5.0 

Highly  Purified^ 

3.45 

6.28 

IS 

-  For  purification  procedures  sec  ref.  (1). 
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EXPERIMENTAL 


MATERIALS  -  Pentaerythrityl  tetrahcptanoate,  PETH,  was  purified  by  methods 
previously  described  to  yield  a  PDP  material/* 

4.4'-methylenebis(2,6-di-tert-butylphcnol),  BPH,  obtained  from  Aldrich 
Chemical  Company  was  recrystallized  twice  from  ethanol:  mp  155°C.  The 
sample  of  2,6,3\5’-tetra-tert-butyM-hydroxyphenyl-4-metnylene-2,5-cyclo- 
hexadiene-  1-one,  the  quinone  meihide,  QM,  was  prepared  by  the  metnod  of 
Coppinger/^* 

BATCH  REACTOR  -  The  batch  reactor  design  and  procedure  were  previously 
described/ ^  Samples  of  the  reacting  mixture  withdrawn  at  various  time 
intervals  were  quenched  to  room  temperature  and  analyzed  for  hydroperoxide  by 
titration^  **  and  for  BPH  and  QM  by  HPLC. 

HPLC  ANALYSIS  -  A  Waters'  HPLC  system  was  used  for  analysis.  The  system 
consists  of.  two  Model  6000  solvent  delivery  pumps,  a  model  U6K  Septumless 
injector,  a  model  660  gradient  programmer  and  a  model  440  dual  micro  UV-VIS 
detector.  A  model  FS-970  LC  Spectrofluorometer  from  Schoeffel  was  connected 
downstream  of  the  UV  detector  for  fluorescence  measurements. 

HPLC  an.  !>•••-  1  •;  tcccmpiished  by  reverse-phase  separation  on  a  W- 

A  '  ;  h  column  obtained  from  Waters.  The  column  was  operated  at  room 


temperature,  and  a  10  minute  linear  gradient  of  the  mobile  phase  from  60/40 
CH^CN/h^O  to  100%  CH^CN  was  used  for  all  the  analyses  reported  here.  The 
chromatographic  peaks  corresponding  to  bispheriol  and  quinone  inethide  were 
identified  by:  a)  retention  time,  b)  coinjection  of  the  standard  and  the  mixture, 
and  c)  the  ratios  of  their  UV-Vis  adsorption  response  (peak  areas)  at  230  nm  and 
405  nm.  The  fluorescence  response  of  BPH  provides  yet  another  means  of 
identification  and  peak  purity  check. 

Quantification  was  achieved  using  peak  heights  or  peak  areas  compared 
with  standard  calibration  mixtures.  A  Hewlett  Packard  Model  3380A  integrator 
was  used  for  all  the  peak  area  integrations. 
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IV  EFFECTS  OF  STRUCTURE  ON  THE  THERMOXIDATIVE 
STABILITY  OF  SYNTHETIC  ESTER  LUBRICANTS: 

THEORY  AND  PREDICTIVE  METHOD  DEVELOPMENT 

(L.  R.  Mahoney,  S.  Korcek,  and  3.  Norbeck) 

The  establishment  of  structure  -  reactivity  relationships  is  of  considerable 
scientific  and  technological  importance.  In  the  following  sections  we  develop 
both  the  theoretical  basis  and  the  method  for  the  prediction  of  the  effects  of 
structure  changes  on  the  thermoxidative  stability  of  synthetic  ester  lubricants. 

BACKGROUND.  Chao  and  coworkers^  have  recently  reported  the  results  of  a 
systematic  study  of  the  effects  of  structural  changes  in  the  alkanoyloxy  group  on 
the  physical  and  chemical  properties  of  synthetic  polyol  ester  lubricants.  The 
relative  thermoxidative  stabilities  of  the  materials  were  determined  by  measure¬ 
ments  of  the  lengths  of  inhibition  periods  in  the  presence  of  the  same  amount  of 
an  amine  antioxidant,  N-phenyl-a -naphthyiamine  (PAN).  Although  the  inhibition 
periods  in  homologous  series  of  esters  were  found  to  decrease  monotonically  with 
increasing  number  of  reactive  hydrogens  in  the  alkanoyloxy  group  the  effects 
were  not  additive.  In  Figure  1  are  shown  the  results  of  their  measurements  for 
the  pentanoate,  n-C^,  through  octanoate,,  n-Cg,  tetraesters  of  pentaerythritol 
versus  a  reactivity  parameter,  l/N^  (RH),  based  on  the  gram  atoms  of  reactive 
hydrogens  available  for  intermolecular  abstraction  reaction  per  liter  of  the 
substrate. 


-46- 


I0VN3(RH),  M"1 


Figure  1  A  plot  of  inhition  periods  from  the  PAN  inhibited  autoxidation  of 
straight-chain  pentaerythrityi  alkanoates  at  232°C  (1)  vs.  a  reactivity 
parameter,  1/N,  (RH). 


Such  non-additive  effects  on  the  stability  of  these  lubricants  must  be  at 

least  in  part  due  to  the  increasing  importance  of  a  ,y  and  cl  ,  6  intramolecular 

hydrogen  abstraction  reactions  as  the  number  of  -Ch^-units  in  the  aikanoyloxy 
(2  3) 

group  increases.  ’  The  occurrence  of  intramolecular  reactions  leads  to 
increased  rates  of  formation  of  hydroperoxide  products.  This,  then,  results  in  an 
enhancement  of  autocatalytic  character  of  oxidation  process  and  thus  in  a 
decrease  of  thermoxidative  stability  of  higher  members  of  a  homologous  series. 

Based  upon  these  considerations  vve  now  develop  a  kinetic-mathematic 

model  relating  the  length  of  experimental  inhibition  period,  t.  with  these 
structural  effects  and  compare  the  predicted  values  of  tjn^  derived  from  the 
model  with  the  results  of  Chao  et  al/*^ 

DERIVATION  OF  KINETIC  EQUATIONS.  The  autoxidation  of  PETH  at  180  to 
220°C  is  described  by  the  reaction  scheme  (1)  -  (7)  shown  in  Figure  2.  Upon  the 
addition  of  an  efficient*  antioxidant,  AH,  reaction  (6)  is  replaced  by 


*  ,  By  efficient  we  mean  that  reaction  (S)  is  not  reversible  under  the  conditions 
of  the  inhibition  period  measurement.  By  this  definition  jindered  phenols  and 

t 

N-phenyl-a -napthylamine,  PAN,  are  efficient  while  4,4 -dioctyl diphenyl 
amine,  cf.  section  III  of  this  report,  is  not  efficient. 
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Figure  2  Reaction  scheme  for  the  autoxidation  of  PETH. 


XOOH  +  A 


(8) 


X02*  +  AH  ♦ 

(n  -  1)  X02*  +  A*  ■*  non  radical  products  (9) 

where  n  is  equal  to  the  number  of  peroxy  radicals  consumned  by  reaction  with  a 
molecule  of  AH.  Under  these  considtions 


(I) 

(II) 


At  elevated  temperature,  a  ,  Y  -hydroperoxyketone  products  rapidly  de¬ 
compose  via  reaction  (7);  t^  is  equal  to  108  s  at  180°C  and  2.5  s  at  232°C 
compared  to  t ^  equal  to  4330  s  at  180°C  and  87  s  at  232°C.^  Based  upon  the 
assumption  that  a,  y -hydroperoxyketone  species  dp  not  significantly  contribute 
to  the  total  hydroperoxide  concentration,  the  rates  of  formation  of  total 
hydroperoxide  groups  are  then  given  by, 


where  A  and  B  represent  composite  rate  constants  for  intra  and  intermolecular 
abstraction  reactions,  see  Appendix  1.  When  intramolecular  reactions  do  net 
occur  A  =  B  =  9.  Noting  that  time  derivative  may  be  eliminated  from 
equation  (III), 
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d(-OOH)t  =  G  (a.,  b.,  kg/O^/H),  N-,  (RH),  n,  (AH))  d(AH) 


•  The  values  of  a.,  b.,  and  Nj  are  constants  calculated  from  the  structure  of 

the  reacting  molecule  and  kinetic  data  (cf.  Appendix  1).  The  values  of  kg/ 

(k^/H)  and  n  are  now  adjustable  parameters  but  they  may  also  be  obtained  Iro  n 

2 

experimental  data  if  available. 


Upon  integration 

(AHL  , 

<-OOH)t  =  f  G  (  ar  b.,  kg/(k3/H),  N-,  (RH),  n,  (AH))  d(AH) 
(AH)o 

=  G  ( a.,  b,  k8/(k3/H),  N„  (RH),  n,  (AH)t,  (AH>0) 


Combining  (II)  and  (V) 


=  G  bi’  k8/(k3/H)’  Nj’ (RH)’  n’  (AH)t»  (AH)0)  (V1) 


The  absolute  values  of  kg  are  normally  much  less  sensitive  to  the  structure  of 

(4) 

the  reacting  peroxy  radical  than  are  the  values  of  k^/H. 


The  inhibition  period  for  a  system  equals  times  the  value  of  'he 

integral  as  (AH)  ■*  (AH)  and  (AH)  -*■  0.  Unfortunately,  the  integral  is 
T1  0  l2 

undefined  at  (AH)  =  (AH)  and  the  integral  slowly  diverges  as  (AH)t  -*•  (AH)  . 

t^o  o 

However,  the  ratio  of  integrals  for  a  system  I  where  A  =  0,  B  =  0  and  a  system  II 
where  A  k  0,  B  k  0  can  be  calculated  using  numerical  procedures  described  in 
Appendix  2.  Thus  the  ratio  of  the  inhibition  periods  of  systems  1  and  II  can  be 
obtained  from  the  equation, 


nN  t1' 

1  inh 

A?  t." 

1  inh 


KJ 

/  _ d(AH) _ _ 

(AH)t-  (AH)q  G1  (  ks/(k3/H),  N.,  (RH),  n,  fAH)t,  (AH)q) 


d(AH) 


(AH)t+  (AH)q  G  (a.,  b.,  kgAkj/H),  N-,  (RH),  n,  (AH)t,  <AH)J 


(VIII) 


Equation  (VIII)  is  utilized  for  the  calculation  of  the  ratios  of  t^/t^for  a 
variety  of  polyol  ester  systems.  The  rit'es  are  then  compared  with  literature 
values.  System  I  is  a  or  Ik.  or  member  of  a  scries  since  intramolecular 
abstractions  in  such  structures  are  not  possible. 
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n-C5-n-Cg  ESTERS  OF  PENTAERYTHRITOL.  In  Figure  3  are  plots  of  the 

inhibition  periods  at  232°C  for  the  n-C^—n-Cg  tetraesters  of  pentaerythritol 

reported  by  Chao  et  al/^  versus  corresponding  values  calculated  from  eq.  (VIII) 

as  a  function  of  the  value  of  kg/(k^/H)  with  n  equal  to  2.0  and  t^nh  equal  to  358 

min.  A  value  of  kg/(k^/H)  equal  to  2.5  x  10**  results  in  a  poor  correlation.  The 

correlation  improves  as  the  value  is  decreased  until  there  appears  to  be  little 

3  2 

effect  as  the  value  is  decreased  from  2.5  x  10  to  1  x  10  .  A  value  in  the  range 
of  3  x  10^  would  in  fact  be  predicted  for  kg/(k^/H)  from  the  limited  kinetic  data 
on  N-phenyl-  -napht/Iamine.  Brownlie  and  Ingold^  reported  a  value  of  kg 

a  _  i  0 

equal  to  7  x  10  M  s  for  n  equal  2.0  in  styrene  at  65  C.  We  estimate  from  the 
temperature  dependence. of  the  autoxidation  of  pure  PETH  that  k^/H  will  equal 
23  M_1s  at  232°C.(3) 

The  largest  differences  between  experimental  and  calculated  values  of  tjn^ 
occur  for  the  n-Cg  ester.  It  is  likely  that  due  to  steric  effects  there  will  in  fact 
be  a  slight  increase  in  the  value  of  k^/H  as  one  increases  the  length  of  the  ester 

3 

chain.  Utilizing  a  value  of  kg/(k3/H)  equal  to  1.6  x  10  for  n-Cg  ester  and  2.5  x 
10^  for  n-Cj  results  in  a  precise  agreement  of  calculated  and  experimental 
values. 

FUTURE  WORK.  Based  upon  the  results  obtained  for  the  n-C^  through  n-Cg 
esters  we  believe  that  eq.  (VIII)  will  be  useful  for  the  prediction  of  the  effects  of 
structural  changes  on  the  thermoxidative  stability  of  many  ester  systems. 
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Plots  of  experimental  inhibition  periods  from  the  PAN  inhibited 
autpxidation  of  straight-chain  pentacrythrityl  alkanoates  at  232°C  (l) 
vs.  corresponding  values  calculated  from  eq.  (VIII)  as  a  function  of 
k„/(kVH). 


For  example,  by  a  suitable  choices  of  the  values  of  kg/(k^/H),  it  is  possible 
to  generate  agreement  between  experimental  and  calculated  values  of  t.^.  In 
Figure  k  is  the  result  of  such  an  exercise  for  some  gem-dimethyl  substituted 
pentaerythrityl  alkanoates. 

In  these  gem-dimethyl  systems  the  values  of  k^/M  include  significant 
contribution  of  primary  peroxy  radicals  produced  from  reactions  of  initiation 
derived  radicals,  i.e., 

XOOH  -*•  XO*  +  *OH 

HO-}+  CH3-C-CH3  ♦  {hOH  *  *CH2_<“'CH3 

I  I 

ch3-c-ch2*  ♦  o2  ♦  ch3-c-ch2-oo* 

primary  peroxy  radical 

For  systems  other  than  the  3,3-dimethyh-C3  ester  these  radical  species  can 
undergo  intramolecular  reactions, 

1  I 

ch3-c-ch2-oo*  ♦  CH3-C-CH2-OOH 
CH,  *  >CH 

l  *  i 

The  occurrence  of  these  reactions  would  lead  to  increased  values  of  k3/H  and 
thus  the  lower  values  of  kg/(k3/H)  necessary  to  obtain  the  fit  shown  in  Figure 


100  200  300  400  500  600  700  800'  '2,300  2,400 

(tinh)colc  »min 

Figure  4  A  plot  of  experimental  inhibition  periods  from  the  PAN  inhibited 
autoxidation  of  straight-chain  and  gem-dimethyl  substituted  pen- 
taerythrityl  alkanoates  at  232JC  (1)  vs.  corresponding  values 
calculated  from  eq.  (VIII)  using  values  of  ks/(k,/H)  designated  in'  the 


In  the  case  of  3,3-dimethyl-Cj  ester  the  only  reactive  hydrogen  is  on  a 
tertiary  carbon.  Due  to  the  extreme  steric  effects  involved  in  its  abstraction  the 
value  of  k3/H  may  be  lower  than  that  observed  for  a  secondary  C-H  abstraction 
and  lead  to  the  higher  value  of  kg/fk^/H)  shown  in  Figure  4. 
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APPENDIX  1 


DERIVATION  OF  KINETIC  EXPRESSIONS 


The  composite  rate  constants  A  and  B  in  ea.  (Ill)  were  derived  from  kinetic 

analyses  of  the  reaction  scheme  (cf.  Figure  2)  in  which  reaction  (6)  was  replaced 

12 

by  reactions  (S)  and  (9):  ’ 


1  +  bQ  +  c  (AH)  + 


1  +  1  +  bG  +  c  (AH)  + 


_ aD 

i  +  Oq  +  c  (aKT 

aD 

1  +  +  c  (AH) 


(AI) 


B 


aD  bD 

1  +  bQ  +  c  (AH)' 

aG  aD  ~ 

1  +  r+  bG  +  cTahT  +  1  +  bD  +  c(AHT 


(All) 


*  This  reaction  scheme  does  not  include  a  reaction  sequence  analogous  to  that 
of  reactions  (4),  (2’),  and  (3')  but  ,  starting  with  H00R02*  which  leads  to 
formation  of  trihydroperoxide  and  dihydroperoxy  ketone  products.  In  the 
cases  where  these  reactions  could  occur,  i.e.,  in  esters  containing  Cy  and  Cg 
alkanoyloxy  groups,  this  simplification  was  found  to  introduce  an  error  of  less 
than  1  percent. 

2  Expression  AH  was  derived  assuming  that  all  metastable  a  ,  y  -HOOR  =  O 
species  produced  during  induction  period  decompose  immediately  and  do  not 
contribute  to  ( -OOH  ). 
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In  expressions  (AI)  and  (All),  aG,  aD,  bG,  and  bQ  represent  ratios  of  rate 
constants  for  intra-  and  intermolecular  abstraction  reactions,  k^-ci,  Y/k^  (RH), 

k4'  ’  ^3  1  Y  ^'3  and  'S-a  <5  ^3  (RH),  respectively,  and  c  the 

ratio  kg/k^  (RH).  In  these  ratios,  all  rate  constants  may  be  expressed  by  the 
products  of  corresponding  rate  constants  on  per  hydrogen  atom  basis  and  of 
average  number  of  available  hydrogen  atoms  for  corresponding  abstraction 
reaction,  N-.  Thus 

k4_i  k4_i/H-atom 
ai  '  k-(RH)  '  kyH-atorn 

bi  =  fVH)  RjhW 

and 

_  k8  1 
c  “  k3/H-atom  N3  (RH) 


3  (RH)  "  i‘  N3  (RH) 


(A1II) 


(AIV) 


(AV) 


where  ^represents  G  or  D. 

The  values  of  a^  and  b.  may  be  calculated  from  eq.  (AIII)  and  (AIV)  assuming 
that  the  ratios  of  rate  constants  expressed  on  per  hydrogen  atom  basis,  a^/H  and 
b./H,  for  similar  ester  systems  are  the  same.  The  values  of  a.  and  b.  listed  in 
Table  Al-1  were  obtained  using  the  values  of  ratios  aG/H,  a^/H,  bG/H,  and  b^/H 
equal  to  26.3,  26.3,  1035,  and  329,  respectively.  These  values  were  derived  from 
the  study  of  PETH  autoxidation  at  180°C  assuming  that  the  ratios  do  not  Change 
with  temperature  significantly.  The  average  numbers  of  hydrogen  atoms  for 
abstraction  reactions  (N-  in  Table  Al-1)  were  estimated  from  the  structure  of 
ester  systems  and  availability  of  hydrogens  assuming  that  the  concentrations  of 
abstracting  isomeric  peroxy  radicals  of  given  type  are  equal. 
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TABLE  A1 


i 
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Tertiary  hydrogens 


Substituting  a.,  b.,  and  c  into  eq.  (Ill)  gives  G  -function  in  eq.  (IV) 

G'  C  ai»  bi*  ks/(k3/H),  Nj,  (RH),  n,  (AH) )  =  2  -  I  -  (AH)_i Jj/c _( AH)J. 

C  a  +  be  (AH)  +  c2  (AH)2 

(AVI) 

where  a  =  aG  +  aD 

8  =  (1  +  bD)  (a  +  b^  aQ) 

Y  =  a(2  +  bD)  +  bGaD 
a  =  b-  1  *  bG  aD  +  bD  (aG  +  bQ) 
b  =a  +  bG  +  bD  +  2 

and  c  is  defined  by  eq.  (AV). 


Upon  integration  of  eq.  (IV)  we  obtain  G-function  in  eq.  (V). 


G  Cai»  bi*  k8/(k3/H),  Nj,  (RH),  n,  (AH)t,  (AH)J  = 

[5-  l]  [C(AH)t  -  CAH)oJ]  -  -L  ^ 

if  a  .  be  (AH),  .  c2  <AH)f  ^  ^  (AH)j  (a  ♦  be  (AH)0  .  c2  (AH)2) 
2CL  3  *  bc  (AH)o  *  c2  <AH>^  *  a  "  (AH)2  (  a  .bc(AH)t.e2  (AH)2) 


(2c  (AH)t  +  b-q)  (2c  (AH)o  +  b  +  q) 
O  (AH)t  +"  b  +  q  J  (  2c  (ah)q  +  b  -  q) 


(win 
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q 


The  values  of  all  co-nposite  constants  used  in  eq.  (AVI!)  for  all  ester 
systems  discussed  in  this  study  are  in  Table  Al-1. 


In  the  absence  of  intramolecular  abstraction  reactions  the  composite  rate 
constants  a,  8»  and  fi  are  all  equal  to  zero.  For  such  systems  (systems  I  in  this 
work)  eq.  (A  VII)  becomes 


G1  (l<8/(k3/H),  N.,(RH),n,(AH)t,(AH)0}  = 

[  J  -  l]  [  ( <AH),  -  (AH)0 )]  -  i  in  ^  (AV111) 


y 


APPENDIX  2 


NUMERICAL  EVALUATION  OF  THE  RATIO  OF  INTEGRALS  IN  EQ.  VIII 

The  values  for  the  ratio  of  integrals  in  eq.  VIII  were  obtained  numerically 
using  the  CADRE  numerical  quadrature  algorithm  in  the  IMSL  library^.  The 
calculations  were  done  in  single  precision  using  a  DEC-10  computer  system. 

As  mentioned  above,  each  integral  equation  used  to  obtain  an  individual 
inhibition  period  (eq.  VII)  slowly  diverges  as  (AH)t  approaches  (AH)q,  where  at 
(AH)t  =  (AH)q  the  integral  is  not  defined.  To  avoid  this  singularity  each 
integration  was  done  from  a  value  (AH)t  =  e  (AH)q  for  a  value  e  near  but  not 
equal  to  l.  To  show  how  sensitive  the  integrals  and  their  ratio  are  to  values  of  e 
the  results  of  a  typical  calculation  for  two  systems,  l  and  II,  are  given  in  Table 
A2-1.  Notice  thac  the  values  of  individual  integrals  increase  as  e  approaches  l. 
However  the  ratio  of  integrals,  ifyl*  ,  converges  to  a  constant  value  (column  a, 
Table  2A-1). 

S  •  ' 

The  resu  ts  in  Table  2A-1  demonstrate  an .  interesting  dichotomy.  The 

values  obtainec  for  the  individual  integrals  depend  oh  what  value  is  chosen  for  e  . 

If  one  defines  a  critical  concentration  (AH)„  =  (AH)  -  e  (AH)  ,  it  is  seen  from 

c  o  o 

Table  A2-1  that  as  (AH)C  changes  from  1  x  10"^  to  1  x  10’^  the  integrals  for  both 
system  increase  by  a  factor  of  3  or  more.  The  limits  of  integration  as  given  by 
eq.  VII,  corresaond  to  a  system  having  an  infinite  inhibition  time.  One  must 


TABLE  A2-1 


*  CALCULATED  VALUES  OF  INDIVIDUAL  INTEGRALS  IN  EQ.  VII 
FOR  SYSTEMS  I  AND  l£  AND  OF  RATIO  OF  THESE  INTEGRALS 
IN  EQ.  VIII  FOR  VARIOUS  VALUES  OF  e 


e 

I1 

I11 

I1/!11 

.50 

12.4 

4.13 

3.00 

.80 

37.2 

11.9 

3.12 

.90 

58.2 

18.4 

3.16 

.99 

132. 

41.1 

3.21 

.9999 

283. 

87.3 

.  3.24 

.99999 

358. 

110. 

3.25 

.999999 

434. 

134. 

3.25 

System  I  was  n-Cj  and  system  II  n-C7  ester;  n=2,  (AH)Q  =  3.2  x  10~2M, 
kg/(k3/H)  =  2.5  x  104 
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introduce  some  value  of  e  orhor  than  1  or  change  the  form  of  the  kinetics  to 
obtain  a  finite  value  for  the  inhibition  period.  Thus,  one  can  speculate  what,  if 
any,  physical  significance  can  be  placed  on  e  and  is  it  the  same  for  all  systems, 
as  was  assumed  here.  This  should  be  contrasted  to  the  fact  that  the  ratio  of 
integrals  converges  to  a  constant  value  as  £  approaches  1.  This  implies  that  eq. 
VIII  is  simply  a  function  of  V  and  i"  which  is  determined  primarily  by  the  value  at 
(AH)o>  Thus  the  ratio  should  be  able  to  be  obtained  without  doing  the 
integration. 

For  this  paper  we  have  chosen  to  obtain  the  ratio  numerically,  using  e  = 
.9999.  However  the  possibility  of  obtaining  the  same  result  from  I*  and  1^ 
directly  is  being  explored. 
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ABSTRACT 

A  kinetic  and  mechanistic  study  of  the  autoxidation  of  liquid  pentaerythrityl 
tetraheptanoate,  PETH,  at  180  to  220°C  has  been  carried  out  utilizing  a  stirred  flow’ 
reactor.  The  results  are  consistent  with  the  occurrence  of  a  chain  reaction  scheme 
similar  to  that  proposed  for  n-hexadecane  autoxidation,  namely  the  formation  of 
monohydroperoxides  by  the  intermolecular  abstraction  reaction  (3),  formation  of 
a,  Y  -  and  a,  5 -dihydroperoxides  and  a,  y-  and  a  ,  5 -hydroperoxyketones  by 
intramolecular  peroxy  radical  abstraction  reactions  (4)  and  (4*),  bimolecular 
termination  of  peroxy  radicals,  reaction  (6),  and  rapid  conversion  of  a,y- 
hydroperoxyketones  to  the  corresponding  cleavage  acids  and  methyl  ketones, 
reaction  (7).  Comparisons  of  various  rate  parameters  for  the  n-hexadecane  and 
PETH  systems  reveal  that  the  values  of  k^  and  (kj/H-atom)/(2  kg) 2  are  within 
experimental  uncertainties  identical  for  the  two  systems  at  180°C. 


*  Presented  in  part  at  the  17th  Naiional  Meeting  of  the  Am.  Chcm.  Soc..  Phys  10, 
Chicago,  HI.,  August,  1977. 


The  proposed  reaction  scheme  includes  the  concurrent  formation  of  hydroxy 
radicals  and  hydroperoxyketone  species.  The  results  of  kinetic  analysis  and  the 
experimentally  observed  isomer  distributions  of  primary  and  secondary  mono¬ 
hydroperoxide  products  at  high  and  low  oxygen  pressures  suggest  that  ca.  60  percent 
of  the  hydrogen  abstractions  from  PETH  at  high  oxygen  pressures  occur  by  hydroxy 
radicals. 


INTRODUCTION 

The  present  work,  which  describes  the  results  of  a  kinetic  and  mechanistic 
study  of  the  autoxidation  of  pentaerythrityl  tetraheptanoate, 

O 

,C(-CH2-0-C-CH2-CH2-CH2-CH2-CH7-CH3)4  , 

(PETH) 

at  elevated  temperatures,  is  an  extention  ol  our  stirred  flow  reactor  study  of  n- 
hexadecane  (l)  to  other  thermally  stable  organic  liquid  systems.  PETH  is 
representative  of  a  class  of  neopentyl  type  ester  materials  used  in  high  temperature 
applications.  Due  to  the  absence  of  hydrogens  on  the  central  carbon  which  is  in  a 
position  8  to  heptanoyloxy  groups,  PETH  is  not  succeptible  to  the  usual  cyclic 
elimination  processes  which  yield  olefin  and  acid  products  (2) .  Thus,  in  the  absence 
of  oxygen,  PETH  possesses  thermal  stability  comparable  to  that  of  hydrocarbons. 

A  review  of  the  limited  literature  in  the  area  suggests  that  the  kinetics  ard 
mechanism  of  reactions  in  the  autoxidation  of  esters  are  likely  to  be  as  complex  as 
those  shown  by  hydrocarbons  at  elevated  temperatures.  In  his  careful  investigations 
VanSickle  (3)  studied  the  initiated  oxidations  of  isobutyl  acetate  and  of  cyclo- 
hexyienedimethylene  diacetate  at  temperatures  up  to  120°C  and  reported  that  his 
results:  were  not  amenable  to  kinetic  analyses  since  ,the  systems  were  strongly 
autocatalytic  and  the  products  were  complex  mixtures  derived  from  secondary 
reactions  of  primary  products.  In  a  model  study  for  pentaerythrityl  systems, 


Sniegoski  (4  )  determined  the  isomer  distribution  of  monohydroperoxide  species 
from  the  air  autoxidation  of  neopentyi  hexanoate  at  150  to  200°C.  The  results  of 
recent  studies  in  which  only  tire  hydroperoxide  by  titration  and/or  the  rates  of 
oxygen  absorption  for  pentaerythrityl  ester  systems  were  determined  have  been 
reported  by  Agliullina  et  al.  (5,6)  and  Kovtun  et  aL  (  7) .  The  former  studied  the 
initiated  oxidation  of  pentaerythrityl  tetrapentar.oate  at  temperatures  up  to  15Q°C 
and  the  autoxidation  of  the  same  material  at  temperature  up  to  22-j^C  while  the 
latter  group  studied  the  initiated  oxidation  of  a  mixture  of  pentaerythrityl  C^-C^ 
tetraalkanoates  at  95  to  140°C. 


The  stirred  flow  reactor  technique  has  proven  advantageous  for  kinetic 
investigation  of  complex  chemical  systems  such  as  autoxidation  of  hydrocarbons  at 
increased  temperatures  (  S).  As  shown  by  Denbigh  ( 9),  in  a  stirred  flow  reactor  the 
instantaneous  rate  of  reaction  of  a  species  X  is  given  by  the  equation 


d(X)  (X)t  -  (X)Q 


0) 


where  (X)^  is  the  concentration  of  X  in  the  fluid  both  in  the  reactor  and  exiting  the 
reactor,  (X)  is  the  concentration  in  the  entering  fluid,  and  T  is  the  residence  time 
of  the  fluid  in  the  reactor.  Thus,  measurement  of  the  concentration  of  a  product  in 
the  exiting  fluid  allows  a  direct  determination  of  its  rate  of  formation  in  the 
reactor.  The  empirical  rate  law  is  then  determined  by  finding  a  relation  that 
describes  this  rate  of  formation  as  a  function  of  the  concentrations  of  species  in  the 
stirred  flow  reactor. 
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EXPERIMENTAL 


•  Materials.  Pentaerythrityl  tetruheptanoate,  PETH,  was  obtained  from 
Stauffer  Chemical  Company  as  technical  grade  material.  Oxygen  was  Matheson 
UHP  (min.  purity  99.9996);  argon  was  Matheson  Grade  (min.  purity  99.9995%).  4,4'- 
methylenebis(2,6-di-tert-butylphenol),  BPH,  was  obtained  from  Aldrich  Chemical 
Company  and  recrystallized  twice  from  ethanol:  mp  155°C.  Alumina  was  ALCOA 
Type  F-20  (80-200  mesh)  obtained  from  Matheson,  Coleman  and  Bell  and  activated 
at  4C0°  fi  i  16  hoars.  Lithium  aluminum  hydride  was  obtained  from  J.  T.  Baker 
Chemical  Company. 

Samples  of  acids  and  alcohols  utilized  as  standards  for  analysis  were  obtained 
from  commercial  sources.  Samples  of  1,4-  and  1,6-heptanediols  were  prepared  by 
LiAlH^  reductions  of  y-heptanoic  lactone  (K  and  K  Lab.)  and  of  6-oxoheptanoic  acid 
(Sapon  Labs.),  respectively.  The  sample  of  1,7-heptanediol  was  obtained  from 
Aldrich  Chemical  Company. 

p-Bromophenacyl  ester  derivatization  kits  and  the  reagents  for  preparing  per- 
trimethylsilyl  derivatives  were  obtained  from  Applied-  Science  Laboratories,  Inc. 
Isopropyl  alcohol  was  distilled  from  NaBH^  or  Cah^  prior  to  use.  Diethyl  ether  was 
distilled  from  LiAlH^  prior  to  use.  Other  solvents  and  reagents  utilized  were  ACS 
reagent  grade  materials. 

^  _ L  The  purification  of  technical  grade  PETH  for  use  as 

v. .  .•  ■  ....  cents  was  a -cy-- a -fished  utilizing  combinations  of 


vacuum  distillation,  designated  as  D,  and  percolation  through  alumina,  designated  as 

P. 


The  deep-yellow  technical  grade  PETH  material  was  percolated  through  a  60 
cm  x  4  cm  glass  column  dry  packed  with  550  grams  of  activated  alumina.  The  first 
two  liters  of  the  pale  yellow  eluent  were  collected.  The  eluent  was  then  distilled  at 
reduced  pressure  under  argon  utilizing  a  30  cm  Vigreux  column  and  an  argon  bubbler 
in  the  pot  to  minimize  bumping.  Following  a  small  yellow  lower  boiling  fraction,  a 
pale  yellow  main  fraction  corresponding  to  ca.  75  percent  of  the  original  eluent  was 
collected  at  a  head  temperature  of  ca.  230°C  and  a  gauge  pressure  of  less  than  C.005 
torr.  This  distilled  material  was  then  percolated  through  a  100  cm  x  3  cm  glass 
column  dry  packed  with  550  grams  of  activated  alumina.  The  first  600  ml  of  eluent 
was  collected  and  designated  PDP-1.  The  next  200  ml  of  eluent  was  collected  and 
designated  PDP-2.  A  portion  of  PDP-1  was  redistilled  and  the  middle  fraction 
collected  as  described  above.  This  redistilled  material  was  then  percolated  through 
a  50  cm  x  3  cm  glass  column  dry  packed  with  275  grams  of  activated  alumina.  The 
first  W0  ml  of  eluent  from  this  percolation  was  collected  and  designated  PDPDP. 

The  purity  of  various  PETH  materials  prepared  as  described  abo'":  was 
assessed  from  their  relative  oxidation  kinetics;.  The  results  of  this  evaluaticn  are 
presented  in  Figure  1.  The  figure  shows  plots  of  the  instantaneous  rate  of  formation 
of  total  hydroperoxides  expressed  by  titer  vs.  the  square  root  of  hydroperoxide  titer 
obtained  in  stirred  flow  reactor  oxidation  experiments  at  180°C  for  PETH  materials 
of  different  purities.  Examination  of  these  plots  reveals  that  the  purified  PETH 


materials  PDP-1,  PDP-2,  and  PDPDP  exhibited,  in  the  range  of  hydroperoxide 
concentrations  studied,  essentially  equal  rates  of  hydroperoxide  formation  at  a  given 
hydroperoxide  titer.  Since  further  purification  did  not  change  the  measured 
oxidative  reactivity,  the  PETH  material  purified  by  the  PDP  procedure  was  judged 
to  be  of  sufficient  purity  for  this  study  and  was,  therefore,  prepared  in  large 
quantity  by  collecting  and  combining  eluents  equivalent  to  PDP-1  and  PDP-2.  The 
PDP  PETH  material  was  used  throughout  this  work  unless  otherwise  noted. 

Optical  absorption  spectra  of  the  PEi'H  materials  evaluated  by  a  kinetic 
oxidation  method  revealed  that  absorption  at  the  wavelengths  between  255  and  500 
nm,  in  the  range  where  saturated  alkyl  esters  do  not  absorb,  decreased  with 
increasing  degree  of  purification.  Thus,  absorption  in  the  above  spectral  range  was 
used  for  monitoring  the  purity  during  the  preparation  of  PDP  material. 

The  NMR  and  IR  spectra  and  C  and  H  analyses  of  the  PDP  and  PDPDP  PETH 
materials  did  not  reveal  any  presence  of  impurities.  The  UAIH^  reductions  of  these 
materials  (cf.  Table  I)  indicated  that  PDP  and  PDPDP  PETH  contained  pentaery- 
thrityl  heptanoate-hexanoate  impurities  (ca.  1.6%  of  total  number  of  side  chains 
were  hexanoyloxy)  and  trace  amounts  of  acyl  chain  substituted  impurities  (<  0.2%  in 
PDP  and  <  0.1%  in  PDPDP)  which  upon  oxidation  and  subsequent  LiAlH^  reduction 
presumably  yield  l,x-heptan’ediols. 

Determination  of  PETH  Density.  The  density  of  PETH  (g/ml)  determined  by 
pycnometry  is  0.9746  at  25.9°C;  0.8732  at  160°C,  0.8577  at  1S0°C,  0.8425  at  2 00°C, 


and  0.8269  at  220°C.  The  pycnometer  volume  at  160°C  was  determined  using  n- 
hexadecane  (Pj^q  =  0.6745  g/ml  (iO)  );  the  volume  at  180,  200  and  220°C  was 
calculated  from  the  volume  at  160°C  using  the  coefficient  of  thermal  volumetric 
expansion  for  glass  (8  =  2.5  x  10“'*  K“*  (ll) ). 

Stirred  Flow  Microreactor  experiments.  The  apparatus  and  procedures  are 
described  elsewhere  (8  ). 

Bat  Reactor  -  Design  and  Procedure.  The  batch  reactor,  whose  design 
resembled  that  of  the  stirred  flow  reactor  (8  ),  was  constructed  from  a  100  ml  round 
bottom  flas..  (55  mm  i.d.)  with  a  lengthened  neck  (25  mm  i.d.  x  130  mm).  A  glaa^ 
tube  through  the  neck  led  down  to  an  eccentrically  located  inner  sphere  (20  mm  o.d.) 
which  was  perforated  in  its  lower  spherical  segment  (7  holes,  0.5  mm  diameter). 
This  inner  sphere  was  used  to  continuously  introduce  oxygen  or  inert  gas  into  the 
reactor  and  insure  efficient  mixing  of  the  reaction  mixture  in  the  flask.  The  batch 
reactor  was  used  with  the  same  gas  supply  system  and  constant  temperature  bath  as 
those  used  for  the  stirred  flow  reactor.  Increased  heat  transfer  with  the  constant 
temperature  bath  was  accomplished  using  a  vigorous  flow  of  the  thermostating  fluid 
around  the  outside  reactor  wall.  The  temperature  in  the  reactor  was  measured 
continuously  using  a  glass  shielded  Chromei-Alumel  thermocouple. 

The  purified  PETH  (35  or  40  ml)  was  introduced  under  a  flow  of  argon  into  the 
flask  and  mixed  using  the  argon  flow  during  the  heating  period  foil  owe  A  by  oxygen 
during  the  oxidation  period.  Oxygen  was  introduced  into  the  reactor  at  a  flow  rate 


of  24.5  ml.  sec"*  at  180°,  argon  at  21.6  ml.  sec"*  at  180°.  Solid  samples  of  the 
antioxidant,  4,4'-methylenebis(2,6-di-tert-butylphenoi),  were  introduced  into  the 
reactor  at  varying  degrees,  of  oxidation  by  means  of  a  small  glass  ladle.  The 
antioxidant  added  into  the  reactor  was  completely  dissolved  within  a  few  seconds. 
Aliquots  of  the  reaction  mixture  were  withdrawn  from  the  reactor  at  various  time 
intervals,  quenched  to  room  temperature,  and  analyzed  for  hydroperoxide,  (-OOH), 
by  titration. 


Gas  Chrc.,-,;  ttgr-.o'y.-.  GLC  analyses  were  performed  with  an  F  dr  .U  Model  bio 

or  a  Hewlett-Packard  Model  5730A  Gas  Chromatographs  operating  in  the  flame 
ionization  mode  using  an  all  glass  column  system  and  equipped  with  an  Autolab 


System  IV  Computing  Integrator. 


Reaction  products  obtained  from  the  reduction  procedures  described  below 
were  analyzed  by  GLC  on  a  6  ft  x  4  mm  glass  column  using  396  Silar-lOC,  3%  OV-1 
or  3%  OV-17  on  100-120  mesh  Gas-Chrom  Q,  obtained  from  Applied  Science 
Laboratories,  Inc.  The  details  of  GLC  analyses  were  described  previously  (12) . 

Gas  Chromatography-Mass  Spectrometry.  Electron  impact  and  chemical 
ionization  mass  spectra  were  obtained  on  a  VG  Micromass  MM  16  with  an  Incos  Lata 
System  (Data  General  Computer)  following  gas  chromatographic  separations  of 
reaction  products  obtained  from  the  reduction  and  derivatization  procedures  wiih  a 
396  Silar-lOC  or  a  3%  OV-10I  column  (glass  tubing;  10  ft  x  4  mm). 

Lithium  Aluminum  Hydride  Reduction  -  Method  1.  LiAlH^  (1.2  g)  was  slowly 
added  to  the  solution  of  the  PETH  sample  (2  g)  in  distilled  diethyl  ether  (50  ml) 


stirred  in  a  glass-stoppered  200  ml  round  bottom  flask.  After  stirring  for  at  least  5 
hours  at  room  temperature,  Na2SO^.10H2O  (8.2  g)  was  slowly  added  to  this  mixture 
which  contained  dark  grey  solids.  The  color  of  the  solids  gradually  lightened.  After 
16  hours  all  solids  were  entirely  white  and  crystalline.  Ether  was  then  added  to  fill 
the  flask  and  stirring  continued  for  at  least  i5  min.  The  solids  were  allowed  to 
settle  and  ca.  85  percent  of  the  supernatant  liquid  was  transferred  to  another  round 
bottom  flask.  The  solution  was  then  evaporated  from  an  ice  bath  using  a  rotary 
evaporator  and  water  aspirator  (final  pressure  equal  to  15  to  20  torr).  This  same 
cycle  of  filling  with  ether,  Stirling,  supernatant  transfer,  ar.d  evaporation  was 
repeated  twice  more.  The  total  residue  was  typically  two  colorless  liquid  phases 
(presumably  mainly  1-heptanol  and  w'ater)  and  a  slight  amount  of  solid  carried  over 
during  supernatant  transfer.  This  liquid  residue  was  quantitatively  dissolved  in 
acetone  to  give  a  10  ml  sample  for  the  subsequent  GLC  analysis. 

Figure  2a  presents  a  typical  gas  chromatogram  obtained  from  the  separation  of 
the  products  of  the  method  I  LiAlH^  reduction  of  an  oxidized  sample  of  PETH.  The 
peaks  designated  A  through  G  have  been  identified  by  comparison  of  their 
chromatographic  retention  times  with  those  of  standard  samples  and  by  their  M+l 
ions  in  combined  gas  chromatography-chemical  ionization  mass  spectrometry. 

Figure  2a  shows  that' the  method  1  procedure  allows  determination  of  1- 
heptanol,  1-hexanol  and  1,3-  through  1,7-heptanediols.  Heptanetriols,  which  are 
sparingly  soluble  in  ether,  were  not  detected  by  this  method. 
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DETECTOR  RESPONSE 


Figure  2.  CLC  of  products  from  the  LiAJH^  reductions  of  an  oxidized  PETH 
sample. 

a)  Method  I  reduction.  The  compounds  giving  the  lettered  peaks  are;  A 
—  1-hexanol;  B  —  l-heptanol;  C  —  1,3-hcptanediolj  0  —  1,4- 
heptanediol;  E  —  1,3-heptanedioi;  F  —  1,6-hcptanediol;  <1  —  1,7- 
hep.ancdiol. 

b)  Method  II  reduction.  The  lettered  pca^s  ec  Tt  .ond  to,  the  {.jr- 

trimethylsilytated  derivatives  of  the  following  compounds;  A*  —  1,3- 
butanediol;  B'  —  1,4-butanediol;  C*  —  l,4-pentaned>ol;  D*  —  1,5- 
pentanediol;  V  -  heptancdiols;  f*  —  pentaerythritol;  C’  — 

heptanetriois. 


The  quantitative  recovery  of  products  from  this  LiAIH^  reduction  was  assessed 
by  control  experiments  with  pure  and  oxidized  PETH  and  with  standard  solution  of 
heptanediols  in  PETH  (Table  1).  Recovery  of  1-heptanoi  plus  1-hexanol  was 
essentially  quantitative  (better  than  97%)  after  three  supernatant  liquid  transfers. 
Recoveries  of  1,4-,  1,5-  and  1,7-heptanediols  which  were  initially  added  in  PETH 
were  also  essentially  quantitative  (better  than  S5%  after  only  two  supernatant  liquid 
transfers).  For  each  of  these  five  compounds  analyzed  and  for  the  sum  of  the  1,4-, 
1,5-,  and  1,6-heptanediols  the  amount  found  in  the  supernatant  liquid  portions 


obtained  after  the  firs* 


transfers  agreed  wi‘h  the 


lOuatj  axpacted  from 


the  weighings  of  those  portions.  This  demonstrates  that  these  compounds,  at  the 


concentrations  used,  were  not  strongly  adsorbed  by  the  solids  during  the  supernatant 


liquid  transfer. 


Lithium  Aluminum  Hydride  Reduction  -  Method  II.  The  method  II  procedure 
was  adopted  from  the  work  of  Adams  and  Govindachc.ri  ( 13) .  LiAlH^  (0.S6  g)  was 
slowly  added  to  the  solution  of  the  PETH  sample  (2  g)  in  distilled  diethyl  ether  (63 
ml)  stirred  in  a  glass  stoppered  200  ml  round  bottom  flask.  After  stirring  for  at 
least  two  more  hours,  the  flask  was  cooled  in  an  ice-water  bath  and  3.25  ml  of 
distilled  water  ,  was  slow.y  added.  AH  solids  became  white  within  ca.  2  hours. 
Subsequently,  65  ml  of  10%  (v/v)  aqueous  H^SO^  was  added  to.  the  ice-water  cooled 
flask,  whereupon  the  solids  rapidly  dissolved.  The  aqueous  layer  was  separated  and 
the  ether  layer  was  washed  with  three  5.4  ml  portions  of  distilled  water.  The 
combined  aqueous  solution  was  cooled  and  neutralized  with  50%  aqueous  NaOH  to 
pH  ca.  7.  The  resulting  precipitate  was  filtered  and  repeatedly  washed  with  distilled 
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LlAlHij  Reduction  of  PETII  -  Method  I.  Control  Experiments 
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Imti  1  oncentrations  of  1,4-,  1,6-,  and  1,7-heptanediols  were  17T,  140  and  62.6  x  10~4M,  respectively, 

PDPDP  (j  iized  In  SFR  at  180  C,  residence  time  368  sec. 


water.  The  combined  filtrate  was  then  concentrated  to  ca.  80-100  ml  of  solution 
remained.  This  solution  then  was  continuously  extracted  with  ether  'or  at  least  48 
hours  using  a  simple  extraction  column  ( lO.  The  supernatant  ether  extract  was 
quantitatively  removed  from  some  undissolved  solid,  presumably  pentaerythritol,  and 
rotary  evaporated  to  leave  a  residue  which  was  dissolved  in  acetone  to  give  a  5  ml 
sample  for  iubsequent  analysis  by  GLC,  either  directly  or  after  trimethylsiiylation 
(8,12). 

In  Figure  2b  is  presented  a  gas  chromatogram  ot  trhnetnylsilylatcd  products. 
The  indicated  peaks  (A'-G’)  were  identified  by  comparison  of  their  chromatographic 
retention  times  with  those  of  standard  samples  and/or  by  their  Vl+I  ions  in  combined 
gas  chromatography-chemical  ionization  mass  spectrometry.  Figure  2b  shows  that 
the  method  II  procedure  in  addition  to.  the  products  quantitatively  determined  by  the 
method  I  allows  determination  of  1,3-  and  1,4-butanediols,  1,4-  and  1,5-pentanediols, 
and  heptanetriols. 

'  ‘  I 

Product  recoveries  in  the  method  II  reduction  procedure  were  assessed  from 
the  results  of  two  sequential  reductions,  /in  oxidized  PETH  sample  (PDPDP,  180°C, 
residence  time  368  sec)  was  first  reduced  and  the  products  were  analysed  as 
described  above.  Products  from  this  first  reduction  were  then  combined  with 
unoxidized  PETH  to  give  a  sample  which  contained  known  concentrations  of  reduced 
oxidation  products.  This  sample  was  then  subjected  to  a  second  method  II  reduction 
followed  again  by  analysis.  From  these  analyses  it  was  found  that  the  recoveries  Of 
diols  were  generally  60-70  percent  and  t'e  recovery  of  heptanetriols  was  ca.  SO 


percent.  Thus,  the  method  II  reduction  procedure  did  not  give  quantitative  product 
recoveries. 

Determination  of  Hydroperoxide  and  Acid  Products.  The  total  yields  of 
hydroperoxide  groups,  (-OOH),  were  determined  by  the  iodometric  titration  of  Mair 
and  Graupaer  (Method  I)  ( 15  j. 


The  total  yields  of  organic  acids,  (-COOH),  were  dcter>  .  by  potentiometric 


4  v . .  vr*  •*4*-  O*  v/a*w««.Lm  i  • 


,4  i" solved  in  15  i.il 


toluene  and  the  solution  mixed  with  23  ml  of  2.7  M  KC1  under  argon.  Two 
milliliters  of  0.01  N  BafOHlj  was  then  added  and  the  two  phases  vigorously  mixed 
under  argon  for  ca.  10  min.  Following  phase  separation,  the  resulting  basic  aqueous 
phase  was  titrated  with  a  0.01  N  HC1  solution  using  a  Metrohm  E535/6  Recording 
Titrator  apparatus.  The  total  acid  concentration  was  calculated  from  the  difference 
in  the  volumes  of  HCi  titrant  utilized  for  the  PETH  sample  and  for  a  blank  without 
the  PETH  sample.  °urified  PETH  samples  yielded  end  points  identical  to  those  of 
the  blank  sample. 


Determination  of  Individual  Alkanoic  And  Products.  The  concentration  of  C2 
through.  alkanoic  acids  were  determined  by  the  following  method.  The  PETH 
sample  (I  to  10  ml)  was  diluted  5  to  20  fold  with  toluene  and  extracted  in  a  50  ml 
separatory  funnel  first  with  10  ml  of  aqueous  KOH  at  pH  -  10  and  then  three  times 
with  10  ml  of  distilled  water.  The  aqueous  KOH  was  prepared  directly  in  the  funhel 
by  adding  10  ml  of  distilled  water  and  2-3  drops  of  20°j  (w/v)  of  methanolic  KOH. 


The  combined  extracts  were  evaporated  to  dryness.  Potassium  carboxylates 
obtained  by  this  procedure  were  derivatized  using  0.20  mmple  of  a,p-dibro- 
moacetophenone  and  0.02  mmole  of  dicydohexyl-lS-crown-6  ether  both  in  one  ml  of 
acetonitrile  (Applied  Science  Laboratories)  (16).  The  resulting  p-bromophenacyl 
esters  were  dissolved  in  5  rnl  chloroform  and  analyzed  by  GLC  on  an  OV-225  column. 

The  concentration  of  heptanoic  acid  was  determined  by  direct  injection  of  the 
PETH  sample  onto  an  AT-1000  (Altecrh  Associates)  packed  GLC  column  since  the 
above  extraction  method  gave  additional  he.  tanoic  acid  formed  from  PETH. 

Er.ch  of  these  two  methods  of  acid  determination  gave  an  accurate  analysis  for 
standard  PET'  i  elutions  of  the  alkanoic  acids  for  which  it  was  employed. 

Acid  Exchange  Experiment.  A  sample  of  PETH  containing  45  x  10  .  M  each  of 
Cj  and  Cg  acids  was  heated  under  argon  in  a  batch  reactor  at  180°C.  Samples  were 

taken  as  a  function  of  time  nnd  analyzed  for  C^,  Cg,  and  Cj  acids.  In  a  400  second 

.  -4  • 

time  period  less  than  1  x  10  M  of  Cj  acid  was  detected.  The  and  Cg  acid 
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concentrations  decreased  to  30  and  36  x  10  M,  presumably  due  to  evaporation. 


RESULTS  AND  DISCUSSION 


Reaction  Scheme.  A  reaction  scheme  which  accounts  for  the  results  obtained  in  the 
present  study  of  the  autoxidation  cf  PETH  at  ISO  to  220°C  is  presented  in  Figure  3. 
In  the  scheme,  RH  represents  PETH;  ROOH  represents  3-  throuch  7-  mono- 
hydroperoxy  derivatives  of  PETH;  HOOROOM  and  HOOR-O  represent  a,  y  -  a  ^ 
a,  6-dihydrcperoxy  and  hydroperoxyoxo  derivatives  of  PETH  ,  and  R*,  RO*,  RCy , 
HOOR*,  HOORDOH  ,  HOORO*,  O-RO*,  and  HOORO.,'  represent  carbon,  alkoxy  and 
peroxy  radicals  corresponding  to  the  aoove  listed  PEfH  derivatives. 

This  reaction  scheme  is  somewhat  simpler  but  kinetically  equivalent  to  that 
proposed  earlier  for  the  autoxidation  of  n-hexadecane  at  120-IS0°C  (  8,  IS)  .  In 
addition  to  established  initiation,^  propagation,^  and  termination  reactions  the 
scheme  includes  olecular  a,y  and  a,  5  hydrogen  abstraction  reactions  (4)  and 

(4  )  leading  to  the  formation  of  a  variety  of  disubstituted  autoxidation  products  and 


2  a,  Y  designates  3,5-,  4,6-,  and  5,7-substituted  products  and  a, 5  designates  3,6- 
and  4, 7-substituted  products. 

3  It  is  likely  that  the  various  hydroperoxide  products  decompose  at  different 

rates.  Thus,  kj  represents  a  complex  composite  first  order  rate  constant  for 
radical  formation. 

4  Intermodular  hydrogen  abstraction  reaction  (3)  include*  abstractions  from 
other  heptanoyloxy  groups  of  the  same  molecule. 


R02-+RH 

ro2* 

•  rooh  +  02 

H00R02-+RH 

H00R02* 
HOOROOH 
2X02* 
ccf/~H00R  =  0 


1  2  3  4  5  6  7 

RH=P3C-CH2-0-C-CH2-CH2-CH2-CH2-CH2-CH3  =  PETH 

6 


X02#c  R02*  +  H00R02* 


XO • =  RO •  +  HOORO  •  +  0  =  RO  • 


hydroxy ^radi^Js  via  reactions  (2'),  (3’),  and  (5).  The  most  important  of  the 
di  substituted  products  are  a,  y -hydroperoxyketone  species.  These  species  are 
precursors  of  acid  and  methyl  ketone  products  xortned  via  cleavage  reaction  (7). 


Product  Analysis.  Table  II  summarizes  the  results  from  the  analyses  of  total 
hydroperoxide  and  acid  products  in  autoxidized  PETH  samples  obtained  from  the 
stirred  flow  reactor  experiments  at  ISO,  200,  and  220°C.  The  results  show  that  the 


yields  of  hydroperoxide  and  acid  products  are  independent  of  oxygen  pressure  at 
residence  Lime-*  — p  ,o  3 *->5  at  ^  and  up  to  seconds  ot  2ou  if  ino 

partial  pressure  of  oxygen  is  greater  than  90  kPa.  In  the  200°C  experiments  at 
longer  residence  times  and  in  all  220°C  experiments  the  yields  of  hydroperoxide  and 


acid  products  increase  with  increasing  oxygen  pressure. 


The  results  from  analyses  of  LiAJH^  reduced  samples  of  autoxidized  PETH  are 
summarized  in  Table  III.  Upon  LiAlH^  reduction  the  monosubstituted  products  of 
the  PETH  autoxidation,  ROOH,  ROH,  and  R^O,  are  converted  to  pentaerythritol,  1- 
heptanol,  and  1,  x-heptancdiols,  i.e., 

Q  LiAl^ 

P3C-CH2-Q-C-(CH2)i-X-(CH2)%i-H  -  » 

OH  OH 

C(CH2CH)4  ♦  3CH3-(CH2)6-OH  *  iH2-(CH2)i-CH-(CH2)5_i-H  fS) 

ill 

where  i  is  1,  2,  3,  U  or  5  and  X  represents  CH-OOH,  CH-OH,  or  C=0.  The  absence  of 

1  .  I  1 

1,2-hcptanediol  in  the  reduced  samples  suggests  very  low  reactivity  of.  hydrogens  in 


TABLE  II 


Hydroperoxide  and  Acid  Products  from  the  Autoxidation 

of  PETH 


Temperature 

(°C) 

Residence 
Time  (sec) 

Oxygen 

Pressure  (kPa) 

(-OOfi)  — 
(M/10**) 

(-cooh)- 

(y/io4) 

PETH- 

180 

77 

119 

23.1 

3.6 

PDPDP 

77 

121 

24.0 

- 

79 

118 

23.2 

3.6 

PDP-2 

81 

119 

23.6 

3.5 

PDP'-l 

182 

113 

113 

:o 

PDPDP 

185 

114 

115 

29 

PDP-1 

187 

113 

112 

30 

PDP-2 

188 

116 

125 

- 

363 

110 

385 

DP 

364 

111 

364 

134 

365 

112 

378s 

143 

PDP-1 

367 

110 

374 

136 

PDP-2 

368 

109 

384 

146 

PDPDP 

366 

82 

403 

- 

DP 

200 

20 

143 

23.8 

3.4 

36 

128 

71 

15 

53 

123 

128 

31 

69 

121 

208s 

63 

69 

90 

206 

57 

70 

24 

97 

14 

101 

119 

415 

148 

1U3 

89 

382 

118 

220 

17 

191 

208 

60 

17 

146 

178 

50 

20.1 

142 

172 

43 

19.9 

105 

141 

30 

—At  the  temperature  of  the  autoxidation 

^PDP  purity  material  used  except  as  otherwise  noted, 
c 

-Titration  of  water  extract  of  365  (69.1)  sec  sample  gave  (h,0,)  equal  less 
than  0.045  {-Con}  (0.03 (-00H) ) .  22 
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|cr  |a> 


Residence  _ 

Tine  £-00H]  1,3- 

(sec)  _ _ 


fl,x-hepranediol) 
1,4-  1,5-  1,6- 

c-i/icn 


f  ht!  — 


180°C 


77 

23 

- 

1.2 

2.4 

4.1 

(0) 

7.7 

77 

24 

1.1 

0.6 

2.9 

3.5 

(0) 

8.1 

182 

112 

5.2 

5.3 

14.7 

21.1 

1.8 

48 

188 

125 

5.2 

6.4 

17.0 

21.7 

2.4 

53 

368 

384 

19.9 

27.6 

62 

77 

9.4 

196 

368 

384 

(11  )£ 

(21)^ 

(57)^ 

(72)^ 

(9.4)^ 

(170)^ 

200°C 


20 

24 

(3)— 

(2)— 

(3>— 

(2)— 

(D- 

(11) 

36 

71 

5 

4 

11 

19 

(1) 

40 

53 

128 

2 

6 

17 

25 

3 

53 

69 

208 

6 

11 

31 

38  , 

5 

,  91 

101 

415 

30 

36 

80 

93 

13 

252(220] 

TQr- 

97 

11 

8 

17 

15 

1 

52 

Method  I,  except  as  footnoted. 

Method  II  LIAIH4  reduction;  due  to  nonquantitative  character  of  this  method 
values  are  only  approximate, 
c 

—  Analyzed  as  pcr-trimethylsilylnted  derivatives. 

d  '  . 

—  Due  to  substantial  blank  sample  corrections  values  are  only  approximate. 

—  Value  in  brackets  was  obtained  by  the  cutting  and  weighing  of  appropriate  CLC  peaks. 

—  PETH  sample  from  the  reduced  oxygen  pressure  experiment  (24  kPa) . 


position  2  of  heptanoyloxy  group.  This  finding  is  consistent  with  the  results  reported 
by  Sniegoski  (4)  from  the  autoxidation  of  neopentyl  hexanoate  and  by  Anbar  et  aJ. 
( 17  ]  from  their  studies  of  reactivities  of  various  carbon-hydrogen  bonds  in 
abstraction  reactions  by  hydroxy  radicals. 

At  sufficiently  long  kinetic  chain  length  the  yields  of  1,  x-heptanediols  from 
LiAlH^  reductions  of  ROH  and  R=0  arising  from  initiation  and  termination  reactions 
are  low  and  the  sum  of  the  yields  of  1,  x-heptanediols,  HD  ,  may  be  approximately 
equated  with  the  yields  of  monohydroperoxide  products  formed  in  reaction  (3),  i.e., 

(HD)  s  (  ROOH )  (II) 

The  data  of  Table  III  show  that  HD  accounts  for  only  30  to  50  percent  of  the  total 
hydroperoxide  titers  at  180°C  and  for  40  to  60  percent  at  200°C  and  that  the 
contribution  of  hydrogen  peroxide  to  the  titer  amounts  to  less  than  5  percent  of  the 
total.  Based  upon  the  results  of  our  studies  of  n-hexadecane  autoxidation  (8),  the 
residual  hydroperoxide  titer  is  expected  to  come  in  large  part  from  polysubstituted 
PETH  derivatives  arising  from  the  intramolecular  hydrogen  abstraction  reactions. 

In  analogy  with  the  LiAlH^  reduction  of  monosubstituted  products  (cf.  eq  8), 
the  disubstituted  products  HOOROOH  and  HOOR=Q  yield  upon  LiAlH^  reduction 


pentaerythritol,  1-heptanol,  and  various  isomeric,  l,x,^-heptanetriols.  The  applica¬ 
tion  of  the  method  II  LiAlH^  reduction,  although  not  quantitative^,  led  to 
identification  of  heptanetriols,  HT,  in  a  reduced  sample  obtained  at  the  residence 

O  .4 

time  368  seconds  and  180  C.  Although  the  yield,  31  x  10  M,  represents  only  about 
20  percent  of  the  residual  titerfc,  the  result  does  support  the  notion  that  large 
amounts  of  primary  disubstituted  products  are  formed  in  the  autoxidation  of  PETH. 


Table  IV  summarizes  the  results  obtained  from  the  analyses  of  tne  individual  n- 

alkanoic  cleavage  acids  in  the  autoxidized  PETH  and  from  the  analyses  of  some  low 

molecular  weight  diols  in  trimethylsilylated  samples  obtained  from  the  non- 

quantitative  method  II  LiAlH^  reduction  of  selected  oxidized  PETH  samples.  The 

isomeric  composition  and  t!  r  concentrations  of  the  low  molecular  weight  diols 

relative  to  the  concentrations  of  n-aikanoic  acids  in  the  PETH  autoxidation  are 

# 

explained  by  the  novel  sequence  of  reactions  (4  ),  (5),  and  (7).  This  sequence  is  also 
consistent  with  the  results  obtained  in  the  study  of  the  autoxidation  of  n-hexadecane 
in  our  laboratory  (8,  18 ).  In  that  system  it  was  observed  that  the  rapid  first  order 
decay  of  a,  y  -hydroperoxyketone  species  or  their  equivalent^  resulted  in  the 
simultaneous  formation  of  ca.  equal  amounts  of  cleavage  methyl  ketones  and  n- 
alkanoic  acids.  The  results  from  the  kinetic  analysis  of  total  hydroperoxide  plus  acid 

5  cf.  Experimental  Section  for  recoveries. 

6  Based  on  the  distribution  of  disubstituted  oxidation  products  calculated  using 
the  values  of  rate  parameters  from  Table  VI. 

7  The  half  life  of  a,  y -hydroperoxyketone  species  or  their  equivalent  was  found 
to  be  equal  to  95  seconds  nr  1’0°C\ 


TABLE  IV. 

Scission  Products  from  the  Autoxidation  of  PETH  at  180°C 


1 


formation  (cf.  Figure  5)  strongly  suggest  the  concurrent  formation  of  one  molecule 
of  acid  and  consumption  of  one  hydroperoxy  group.  Based  upon  this  observation,  the 
unstable  intermediates  in  the.PETH  system  are  likely  to  be  a,  y-hydroperoxyketone 
species,  a ,  y  -HOOR  =0. 

To  illustrate  this  transformation  in  the  PETH  system,  consider  the  decomposi¬ 
tion  of  two  isomeric  a,  y-hydroperoxyketone  species,  4-hydroperoxy-6-oxo-PETH 
and  4-oxo-6-hydropero  \/-P5TH,  followed  by  the  LiAlH^  reduction  of  resulting 
Cleavage  product:  ; 

O  OOH  O 

P3C-CH2-0-C-(CH2)2-CH  CH2-C-GH3 

4-hydroperoxy-'S-oxo-PETH 


O  O  OOH 

II,  II  I 

P3C-CH2-0-C-(CH2)2-C-CH2-CH-  ch3 
4-oxo-6-hydroperoxy-PETH 


?  .  i? 

p3c-ch2-o-c-(ch2)2-c-oh 


LiAlH, 


O 

II 

ch3-c-ch3 


LiAlH, 


'OH 

I 

CH3-CH-CH3 


C(CH2OH)4  .+  3  CH3-(CH2)6-OH  +  HO-CH2(CH2)2-CH2-OH  (10) 


1 ,4-butanediol 


Thus,  acid  and  methylketone  products  formed  in  decomposition  reactions 
of  a,  y-hydroperoxyketone  species  will  consist  of  low  molecular  weight  n-alkanoic 
acids  and  methyl  ketones  and  high  molecular  weight  carboxy  and  acetyl  substituted 
tetraesters.  In  Table  V  are  summarized  the  cleavage  products  expected  to  be 
formed  from  all  possible  a,  y-substituted  hydrcperoxyketcne  derivatives  of  PETH 
and  the  products  from  their  LiAlH^  reductions.  The  proviucts  are  listed  in  order  of 
expected  decreasing  yields  and  with  a  designation  ir.  brackets  of  those  products 
analyzed  in  this  work.  The  occurrence  of  the  proposed  mechanism  requires  the  yield 
of  1,4-per.tanedioI  to  be  equal  to  that  of  C2  acid  and  the  yield  of  1,3-butanedioI  to 
that  of  C3  acid.  The  results  in  Table  IV  are  in  good  agreement  with  that, 
requirement  in  the  first  case  but  in  the  second  case  the  yield  of  1,3-butanediol  is 
somewhat  larger  than  that  of  C3  acid.  Nevertheless,  the  substantially  higher  yields 
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PETH  Oxidation  Products 
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of  Cj  and  adds  than  those  of  C^--Cg  adds,  occurrence  of  high  yields  of  non¬ 
terminal  diols,  1,3-butanediol  and  1,4-pentanediol,  and  finally  substantially  lower 
yield  of  1,5-pentanedioI  than  that  of  1,4-butanediol  virtually  demand  that  cleavage 
principally  occurs  via  ieactions  of  ot,  y-substituted  difunctional  oxidation  products. 
If  cleavage  processes  were  occuring  via  conventional  g-scission  of  aJkoxy  radicals 
one  would  expect  1)  a  high  yield  of  1,5-pentanediol,  2)  monotonically  decreasing 
yields  of  lower  terminal  diol  homologues,  and  3)  monotonically  decreasing  yields  of 
acids  with  increasing  carbon  number. 

A  summation  of  the  yields  of  Cy — acids  and  the  yields  of  carboxy 
substituted  tetraesters,  estimated  from  the  yields  of  terminal  diols  assuming  that 
the  yield  of  1,3-propanediol  is  equal  to  that  of  1,4-butaned'iol,  gives  a  value  equal  to 
90  percent  of  the  titrated  acids  in  the  365-8  sec  samples. 

Reaction  pathways  which  might  account  for  the  large  amounts  of  Cy  acid  are 
intra-  and  intermolecular  exchange  reactions  of  cleavage  acids  with  PETH 
molecules.  From  the  results  of  the  exchange  experiment  described  in  the 
experimental  section,  the  occurence  of  facile  intermolecular  exchange  reactions 
with  the  low  molecular  weight  cleavage  acids  does  not  appear  likely.  It  is  then 
plausible  that  the  carboxy  groups  attached  to  the  PETH  moiety  are  undergoing 
various  intra-and  intermolecular  reactions  to  produce  the  C-,  acid.  The  elucidation . 
of  the  mechanism  of  such  reactions  is  a  complex  task,  beyond  the  scope  of  the 
present  work.  Subsequent  kinetic  analyses  are  thefi  based  on  the  assumption  that  ajl 
acid  products  originate  from  a  cleavage  process  involving  decomposition  of  a,  y~ 
substituted  hydroperoxyketone  oxidation  products. 


Rate  of  Initiation.  For  the  purpose  of  subsequent  kinetic  analyses  of  the 


autoxidation  of  PETH  it  is  desirable  to  estimate  the  rates  of  radical  formation,  R^, 

3 

as  a  function  of  hydroperoxide  concentration  and  to  compare  the  values  of  1U 
obtained  for  PETH  and  n-hexadecahe  systems  under  the  same  reaction  conditions. 

The  present  method  of  determination  of  R.  is  based  on  the  measurement  of  the 
length  of  inhibition  period,  tj  caused  by  the  addition  of  varying  amounts  of  4,4'- 
methylenebis  (2, b-di-tert- butyl  phenol),  BPH,  to  the  autoxidizing  substrate.  Upon  the 
introduction  of  BPH  tine  steady  state  concentration  of  peroxy  radicals  in  trie  system 
is.  decreased  by  many  orders  of  magnitude  and  the  formation  of  hydroperoxide 
products  is  strongly  inhibited  until  the  initial  antioxidant  and  its  antioxidant  reactive 
products  are  all  consumed.  At  that  point  the  autoxidation  of  substrate  resumes.  At 
a  constant  rate  of  radical  formation  the  value  of  (BPH)  /t.  .  is  equal  to  R./ri 
where  (  BPH  Jq  is  initial  concentration  of  BPH  and  n,  the  stoichiometric  factor 
(19],  is  equal  to  the  total  number  of  peroxy  radicals  consumed  by  reactions  with  a 
molecule  of  BPH  and  with  molecules  of  the  antioxidant  reactive  products  resulting 
from  BPH-peroxy  radical  interactions.  At  60°C  n  for  BPH  is  equal  to  4.0  (  20) . 

Figure  4  shows  the  results  from  a  series  of  batch  reactor  experiments  in  which 

values  of  t.  ^  were  determined  as  functions  of  (BPH)q  and  of  the  average 

S 

concentration  of  hydroperoxides  during  the  period  of  strong  inhibition,  (  -OOH  ),  for 


8  The  decrease  from  the  initial  hydroperoxide  concentration  during  the  inhibition 
period  was  less  than  10  percent. 


l06[BPH]0/tjnhiMsoc*' 


w 


Flfurt  4.  Plot  of  (  OPH)o/t(nh  versus  (  -COM).  The  numbered  point*  correspond 
to  the  following  ( BPH  j#  (M/iaV  1-1.9,  2-7 .3,  3-17.3,  6-62,  3-64,  60 1« 
7-2.1,  1-19.3,  9-13.0,  10-22,  H-31,  12-76,  13-30,  19-10.6,  1 5- 1 3.7,  16- 
124,  17-40. 
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PETH  system  at  ISO  and  200°C  and  for  n-hexadecane  at  1S0°C.  For  both  systems 


r 

i 


api<  1 

tinh 


a  +  b  ( -OOH ) 


(III) 


where  a  (\\  sec  * )  and  b  (sec  *j  are  at  1S0°C  equal  to  5  x  '0  ^  and  S  x  10”^  for  PETH 
-7  -5 

and  I  x  10  and  9  x  IG  fa*-  n-hexadecane.  The  result;  from  a  limited  number  of 

experiments  with  PETH  at  200°C  suggests  the  same  relationship  with  values  of  a 

-7  -l  -k  -1 

equal  to  ca.  4  x  1C  M  see  and  b  ca.  4  x  10  sec  . 


The  values  n  a  and  n  b  may  be  interpreted  as  equal  to  the  rate  of  formation  of 
free  radicals  from  the  direct  reactions  of  substrate  with  oxygen  and  to  the 
composite  first  order  rate  constant  for  the  homolvsis  of  hydroperoxide  products, 
2k j,  respective.y.  If  the  value  of  n  is  equal  to  4.0  in  Doth  PETH  and  n-hexacecane  at 

180  and  200°C,  then  (  BPH  )0/tjnh  is  equal  to  R^'4  and  the  values  of  kj  are  found  to 

-4-1  -4-1 

be  equal  to  1.6  x  10  sec  lor  PETH  and  to  1.8  x  10  sec  for  n-hexadecane  at 

180°C  and  to  8  x  10‘4  r.ec'1  for  PETH  at  2G0°C, 

Kinetic-Analysis.  A  kinetic  analysis  for  the  sequence  of  reactions  (1)  —  (7) 
presented  in  Figure  3  leads  to  the  following  rate  expressions  for  formation  of 

hydroperoxide,  -OOH,  acid,  -COOH,  and  monohydroperoxy,  ROOH,  and  a,  y* 

9 

hydrop.roxyoxo,  3,y-HOOR^O,  substituted  PETH  autoxidatmn  products: 


9  Fqs.  (IV),  (VI),  and  (VII)  were  derived  using  the  steady  state  approximation  for 
each  peroxy  radical  at  sufficiently  long  kinetic  chain  length  and  assuming  k^  to 
be  equal  to  kj  and  kj  to  be  much  greater  than  kj.  Kinetic  chain  lengths  in  the 
range  of  conversions  studied  were  equal  to  or  larger  thVvl  1  ($)  *  '  uG])°C. 


-)  ■ 


d  fa,  y-H0QR=0] 
dt 
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MRH) 


1  +  4-q  ,  y 

k”(  RH  J 


*>-a,  y 

ETTrhJ 


1  ,  *-a,  Y 
1  kj  (RH  J 


*»-«,  5 

'  k3(KHj 

- - - 

i  -k*-a.S 
+  (RH  J 


(-OOH) 


'h 


-  k?  (a,Y-HOOR=Oj 

I 

u)  (  -OOH  )Yl  -  k?  (a,  y-H00R=0  ) 


(VII) 


where 


( -OOH  ]  =  ( ROOH  )  ♦  2  (HOOROOH)  ♦  (H00R=0) 


(VIII) 


1  10 
The  values  n  and  v  are  obtained  from  plots  of  experimental  data  in  Figure  5. 

In  the  absence  of  experimental  data  on  yields  of  a,  y-H00R=0,  the  values  ofto  and 

/ 

are  obtained  from  experimental  data  plotted  in  Figure  6  in  accordance  with  eq, 
(IX). 


10  It  should  be  noted  that 
fit  eq.  (IV)  and  (VI). 

separately  c'iicussed  b 


the  200  C/10 1  sec  data  „t  highest  oxygen  pressure  also 
The  20Q°C  data,  apparently  oxygen  dependent,  will  be 

low,. 


[-00H]  ,/2t  M 1/2 — 

hgureJ.  Plots  of  {.(d(-OOH)/dt>  ♦  (.i(-CCCr!  J/d-M  and  d(HD)/dt  versus 
(-OOH)*a:  ISO  and  2C0°C. 


see 


'  Figure  6.  Plots  of  {(  -OOH)  /(d  (-CCCH)/it) }  vrrsus  (-OOH)*  at  ISO  and 
200°C. 
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(-OOH] 

d  7-coo  hT 

dt 


c  k^u 


(-OOH) 


The  derivation  of  eq.  (IX)  and  detailed  procedure  for  calculation  of  w  and  k-,  are 
described  in  the  Appendix.  The  values  of  n,  v,u,  and  k^  obtained  at  180  and  200°C 
are  summarized  in  Tabic  VI. 


Comparison  of  PETH  and  n-hexadecane  rate  parameters.  Value  of  the  rate 
constant  for  cleavage  of  a,  y-hydroperoxyoxo-PETH,  k^,  are  strikingly  similar  to 
those  obtained  in  n-hexadecane  autoxidation.  Direct  measurements  of  the  rates  of 
decomposition  of  a,  y  -hydroperoxyketone  species  or  their  equivalent  and  of 
formation  of  C^  methylketone  product  in  n-hexadecane  (18)  yielded  first  order 
rate  constants  which  in  temperature  range  of  120  to  180°C  were  found  to  obey  the 
Arrhenius  equation 

lbgk7  =  (X) 

lgo°  ..3  _  1  200° 

This  equation  gives  values  of  k^  equal  to  7.1  x  10  sec  and  k^  equal 

-3  -1 

to  33  x  10  sec  for  the  n-hexadecane  system.  These  findings  stroigly  support  the 
notion  that  cleavage  product  formation  occurs  in  the  PETH  and  n-hexadecane  via 
the  same  mechanism,  i.e.,  via  decomposition  of  a,Y-hydroperoxyketone  species. 

Values  of  the  ratios  c'  rate  constants  for  intramolecular  and  intermolecular 
hydrogen  abstraction  reactions,  k^/k^  J  and  and  values  of 


TABLE  VI  . 


/  PETH  Autoxidatlon  -  Suima  -y  of  Rate  Constants— 


Rate  Constant 

-i- 

k, ,  sec 
*  c  _i 
H,  M^sec  (eq.  X) 

v,  M^sec  3(eq.  XI) 

u,  M^sec-1 (eq.  XII) 

k?,  sec"1  (eq.  XII) 


1.6  x  10-4  8.0  x  10~4 

7.3  x  lO-4  28  x  10~4 

2.6  x  10~4  10.7  (12)  x 

2.8  x  10~4  b  ,  9-4  x  :i-4 

6.4  <3)  x  10-3_  30  x  10'3 


w/v 

1.08;  1.1£ 

0.88  (11)—;  1.0s- 

,W/R3(RH) 

1.14 

0.97  (14)—;  1.11£ 
b  ~ 

0.50 

0.43  (6)-;  0.49- 

k4^,Y/1b&"°  , 

18 

14  (5)-;  19£ 

3.6  (15)-;  5.1£ 
12.7(5)  x  10~4~ 

k4ia,6/k3^ 

(2k  /2k6)‘Ik3(RH),  M^sec-1 

4.9 

3.0  x  10'4 

(k.  /H)/(k _/H),  M 

A— -a . v  3 

26 

22  (4)— 

U 

(k4-a,6/H)/(VH)’  M 

22 

18(3)- 

„  b 

(k  *  *  /H)/(k  /H),  M 

jY  J 

840 

620(250)- 

(k  *  x/K)/(k,/H),  M  b 

4-a,6  .3  .o 

(k  /H)/,(2k  )^,  M  %ec  * 

230 

3.6  x  10"4 

*  170(70)-  b 

6.9(3)  x  10'4- 

—  Concentrations  of  PETH,  [rh],  at  180  and  200°  were  1.47  and  1.44  M, 
respectively. 

—  The  uncertainties  of  the  values  obtained  are  indicated  in  parenthesis. 

For  example,  10.7(12)  x  10~4  denotes  that  values  obtained  lay  in  the  range 
(10.7  +  1.2)  x  10“4.  The  values  of  ki  and  (k3/H)/ (2k^)*2  are  based  upon 
the  assumption  that  n  *  4  for  the  bisphenol  antio!;idant  used  (cf.  Rate  of 
Initiation  Section). 

c  • 

—  Obtained  combining  eqs  (VI)  and  (VII)  and  using  k7  derived  fr.om  eq  (IX). 


(2kj/2kg)^^k^  (RH)  (cf.  Table  VI)  may  be  than  derived  from  values  of  ritV,  andto 

assuming  that  the  ratios  of  rate  constants  for  intramolecular  a ,  y  and  a  ,  6 

abstractions  are  on  a  joer  hydrogen  basis  the  same  as  those  in  n-hexa':acane 

#  * 

autoxidation,  i.e.,  (k|f_a  y/H)/(k^  ^  ^/H)  is  equal  to  1.2  and  (k^  ^  /H)/(k^_ ^  ^  /H) 
to  3.7  (l8).**  The  ratio  (k^/H)/(2k^^  can  then  be  obtained  from 

(2kj/2k^)^^k^(  RH }  using  values  of  kj  measured  in  this  work.  At  180°C 
(kyH)/(2k^)^^  for  PETH  is  equal  to  3.6  x  10”^  M'^sec-^  which  is  ca.  20  percent 
lower  than  the  corresponding  value  obtained  for  n-hexadecane  (4.6  x  10"^ 
sec”^)  (l8j  and  by  a  factor  of  2.5  lower  than  the  value  9.2  x  10~fl  sec”*/” 

reported  by  Agliullina  et  al.  (5)  for  autoxidation  of  pentaerythrityl  tetra- 
pentanoate,  a  system  in  which  the  availability  of  hydrogens  limits  the  extent  of 
intramolecular  abstractions. 

Due  to  he  steric  hindrance  of  PETH  peroxy  radicals  it  is  anticipated  that  the 
values  of  2kft  -e  smaller  for  the  PETH  than  for  the  n-hexadecane  system.  This 
would  lead  to  lower  values  of  k^/H  in  PETH  and  would  in  turn  account  for  the  higher 
values  of  the  ratios  of  intramolecular  to  intermolecular  abstraction  rate  constants  in 
PETH  than  in  n-hexadecane  (l8  ).  The  values  of  (k^/H)/(k./H)  derived  for  PETH  are 
greater  than  those  derived  for  n-hexadecane  by  factor  of  3.7  and  values  of 
(k*/H)/(kj/H)  by  factor  of  2.6.  As  observed  in  n-hexadecane,  these  ratios  in  PETH 
show  little  temperature  dependence  since  the  values  at  200°C  are,  within 
experimental  error,  the  same  as  those  at  180°C. 

1 1  The  ratios  of  rate  constants  for  n-hexadecane  were  calculated  using  methyl 

ketone  product  formation  as  a  measure  cf  n;y-?;00R=0  decomposed. 


The  value  of  the  composite  rate  constant  n  at  200°C  determined  from  the 
single  experiment  at  the  highest  partial  pressure  of  oxygen  used  in  this  study  (191 
kPa)  and  the  value  of  n  at  220°C  obtained  by  extrapolation  of  an  Arrhenius  plot  of 
the  data  at  180  and  200°C  are  found  to  be  the  same,  i.e.,  110  x  10-if  M^2  see"*.  This 
finding  suggests  that  the  minimum  oxygen  pressure  at  which  the  yields  of 
hydroperoxide  and  acid  products  are  independent  of  oxygen  pressure  was  exceeded  in 
that  experiment.  Thus,  a  valid  value  of  (kyH)/(2kg)'2  at  220°C  may  be  extracted 
from  n  using  an  extrapolated  value  for  kj  at  220°C  (31  x.  10"^  sec-*)  and  assuming 
that  the  ratios  of  k^/kj(  RH  )  and  k^/kj^RH)  remain  a.t  22G°C  the  same  as  those  at 
180  and  200°C.  The  ratio  (kj/H)/(2kg)^2  at  220°C  is  then  calculated  to  be  equal  to 

_4  _y2  _y2 

12  x  10  M  sec  .  .This  value  together  with  those  at  the  lower  temperatures 
yields  for  (kJH)l{2k^  an  activation  energy  approximately  equal  to  13  kcal/mole,  a 
value  consistent  with  that  observed  in  the  autoxidation  of  n-butare  at  100  and- 
125°C  (21)  . 

Evidence  for  «QH  Abstractions.  From  the  values  of  k^/k^RH)  and 

k^/kj  (PH)  we  conclude  that  ca.  60  percent  of  all  hydrogen  abstractions  from  PETH 

occur  by  *OH  radicals  generated  via  reaction  (5).  The  remaining  abstraction 

reactions  occur  by  chain  carrying  peroxy  radicals  and  radical  species  derived  from 
.  12 

initiation  reactions.  The  relative  reactivities  of  secondary  to  primary  hydrogen 
atoms  at  the  above  distribution  of  free  radicals  species  may  be  calculated  from  the 
expression 


12  Since  the  kinetic  chain  lengths  are  equal  to  or  larger  than  8,  an  up;:?-  limit  of 
12 'percent  in  ay.  be  u./fned  to  abstraction  by  species  fro  n  initial--;.. 


(XI) 


ksac/H 

1w7H  =  * 


where  x  is  a  fraction  of  abstracting  radicals  corresponding  to  C»H  and 

((ksec/H)/(kprim/H))  -OH  and  ^(ksec/H)/(kprim/H)^  R02* are  relative  ^activities  of 
secondary  to  primary  hydrogens  for  abstractions  by  hydroxy  and  peroxy  radicals 

which  may  be  obtained  from  the  literature.  Using  values  of 

«ksec/H)/(kprim/H)).OH  equal  to  5.M5.2)  (22)  and  of  (0<sec/H)/0<prlm/H))RO 

13  ^ 

equal  to  30(28)  the  calculated  values  of  (k.„/H)/(k  -/H)  are  found  to  be  equal 

jC  w  L/l  1 1 1 1 

to  16(15)  at  180°C  (200°C).  From  the  experimental  values  of  yields  of  1,6-  and  1,7- 
heptanediols  (cf.  Table  HI)  apparent  values  of  (ksec/H)/(kpf..m/H)  are  found  to  be 
in  the  range  of  11  to  18.  The  reasonable  agreement  of  the  calculated  and  the 
experimental  values  of  (k  /H)/(k  .  /H)  strongly  supports  the  notion  that  in  PETH 
a  high  percentage  of  hydrogen  atom  abstractions  occur  via  'OH  radicals. 


13  In  a  study  of  n-butane  oxidation,  Mill  et  al.  (  21 )  have  determined  that  the 
ratio  (ksec/H)/(kpf.m/H)  for  abstraction  by.  sec-butylperoxy  radicals  is  45  at 
100°C.  Based  on  difference  in  activation  energy  for  the  two  abstractions  of 
1.65  kcal/mole  (23} ,  equal  to  0.55  times  the  difference  in  strengths  of  the  two 
C-H  bonds,  this  ratio  is  calculated  to  be  30  at  1S0°C  and  28  at  200°C. 

14  These  values  are  apparent  since  the  relative  yields  of  these  products  also 
reflect  the  relative  values  of  kj(RH)  /(k^(  RH)  *  k^)  for  the  corresponding 
primary  and  secondary  peroxy  radicals.  In  the  case  of  internal  secondary 
peroxy  radicals  these  values  may  vary  significantly. 

-M-  ' 


We  note  that  at  a  low  oxygen  pressure  of  24  kPa  at  200°C  the  apparent  value 
of  (k  /H)/(k  .  /H)  obtained  from  the  yields  of  1,6-  and  1,7-heptanediols  increases 

jCC  l/i  XIII 

to  ca.  23.  This  suggests  that  a  lower  percentage  of  hydroxy  radicals  participate  in 
abstraction  reactions  at  lower  oxygen  pressures.  Since  *OH  are  generated 
concurrently  with  hydroperoxyketone  formation,  reaction  (5),  the  resuit  further 
implies  that  yields  of  hydroperoxyketone  species  decreases  with  decreasing  oxygen 
pressure.  Indeed,  the  yield  of  ct,  y -hydroperoxyketone  species,  as  measured  by  the 
rate  of  acid  formation,  decreases  compared  to  the  121  kPa  experiment  by  a  factor 
of  five  while  the  yield  of  total  hydroperoxide  and  monohydroperoxide  products 
decrease  by  a  factor  of  only  two.  Strongly  decreasing  relative  yields  of  a,  y  - 
disubstituted  products  with  decreasing  oxygen  pressure  below  ca.  60  kPa  have  also 
been  observed  in  the  n-hexadecane  autoxidation  at  180°C  (  18).^  This  phenomenon 
of  decreased  rate  of  .  formation  of  a,  y -disubstituted  products  at  lower  oxygen- 
pressures  is  now  being  further  investigated  in  the  n-hexadecane  system. 


15  The  source  of  this  sensitivity  to  oxygen  pressure  may  be  the  reversibility  of 
intramolecular  a  ,  y  abstraction  reaction  (4)  at  decreased,  oxygen  pressures. 
The  reverse  reaction  may  'under  these  conditions  become  competitive  with 
■  oxygen  addition  since  peroxy  radical  abstraction  from  -Cl-^-  is  endothermic  by. 
ca.  6  kcal/mole  and  intramolecular  reactions  have  high  preexpcnential  factors 


ACKNOWLEDGMENT 


.  The  authors  wish  to  acknowledge  R.  K.  Jensen  for  many  helpful  discussions  and 
for  his  assitance  in  the  measurement  of  rates  of  initiations  and  Dr.  T.  M.  Harvey,  R. 
Marano,  and  T.  J.  Prater  for  mass  spectrometric  analyses.  This  work  was  supported 
by  the  Air  Force  Office  of  Scientific  Research  under  contract  F44620-76-C-0097. 


REFERENCES 


1.  L.  R.  Mahoney,  S.  Korcck,  R.  K.  Jensen,  and  M.  Zinbo,  Preprints,  Div.  Petrol. 
Chem.,  ACS,  21_,  No.  4,  S52  (1976). 

2.  C.  H.  DePuy  and  R.  W.  King,  Chem.  Rev.,  60,  431  (1960). 

3.  D.  E.  VanSickle,  3.  Org.  Chem.,  37,  1392,'  1398  (1972). 

4.  P.  3.  Sniegoski,  ASLE  Trans.,:  20,  2S2  0977). 

5.  G.  G.  Agliullina,  V.  S.  Martemianov,  E.  7.  Denisov,  O.  A.  Kulagina,  and  M.  M. 
Kukovitjskii,  Neftekhimiya,  16,  262  (i976). 

6.  G.  G.  Agliullina,  V.  S.  Martemianov,  E.  T.  Denisov,  and  T.  1.  Eliseeva,  Izv. 
Akad.  Nauk  SSSR,  Ser.  Khim.,  50  (1977). 

7.  G.  A.  Kovtun,  G.  L.  Lukoyanova,  A.  5.  Berenblyum,  and  I.  I.  Moiseev,  Izv.  Akad. 
Nauk  SSSR,  Ser.  Khim.,  2179  (1976). 

8.  R.  K.  Jensen,  S.  Kordek,  L.  R.  Mahoney,  and  M.  Zinbo,  "Liquid  Phase 
Autc  -Ration  of  Organic  Compounds  at  Elevated  Temperatures,"  Part  I,  3.  Am. 
Chem.  Soc.,  101,  7574  (1979). 

9.  (a)  K.  G.  Denbigh,  Trans.  Faraday  Soc.,  40,  352  (1944);  (b)  B.  Stead,  F-  M.  Page, 
and  K.  G.  Denbigh.  Faraday  Soc.,  Disc.  2,  263  (1947);  (c)  K.  G.  Denbigh,  M. 
Hicks,  and  F.  M.  Page,  Trans.  Faraday  Soc.,  44,  479  (I94S). 

10.  F.  D.  Rossini  et  ah,  "Selected  Values  of  Physical  and  Thermodynamic  Properties 
of  Hydrocarbons  and  Related  Compounds",  American  Petroleum  Institute 
Research  Project  44,  Carnegie  Press,  Pittsburg,  Pa.,  1953. 


11.  "Handbook  of  Chemistry  and  Physics",  52nd  ed.;  R.  C.  Weast,  Ed.;  The  Chemical 
Rubber  Co.,  Cleveland,  Ohio,  1971,  D-100. 

12.  M.  Zinbo,  R.  K.  Jensen,  and  S.  Korcek,  Anal.  Lett.,  10,  119  (1977). 

13.  R.  Adams  aj.d  T.  R.  Govindachari,  3.  Amer.  Chem.  Soc.,  72,  153  (1950). 

14.  M.  3.  Rosen  and  H.  A.  Goldsmith,  "Systematic  Analysis  of  Surf  ace- Active 
Agents,"  Wiley  -  Interscience,  New  York,  N.  Y.,  1972,  p.  43. 

15.  R.  D.  Vlair  and  A.  3.  Graupner,  Anal.  Chem.,  36,  194  (1964). 

16.  "Fatty  Acid  Analysis",  GAS-CHROM  Newsletter,  Applied  Science  Laboratories, 
Inc.,  3an./Feb.,  1976. 

17.  M.  Anbar,  D.  Meyerstein,  and  P.  Neta,  3.  Chem,  Soc.,  B.  Phvs,  Org.  1966,  742. 

18.  R.  K  Jensen,  S.  Korcek,  L.  R.  Mahoney,  and  M.  Zinbo,  "Liquid  Phase 
Autoxidaticn  of  Organic  Compounds  at  Elevated  Temperatures,"  Part  11,  III,  and 

'  IV,  manuscripts  in  preparation. 

19.  L.  R.  Mahoney,  Angew.  Chem.,  Int.  Ed.  Engl.,  3,  547  (1969). 

20.  L.  R.  Mahoney,  S.  Korcek,  S.  Hoffman,  and  P.  A.  Willermet,  Ind.  Eng.  Chem. 
Prod.  Res.  Dev.,  17,  250  (1973). 

21.  T.  Mill,  F.  Mayo,  H.Richardson,  K.  Irwin,  and  D.  L.  Allara,  3.  Amer.  Chem. 
Soc.,  94.  6302  (1972). 

22.  N.  R.  Greiner,  3.  Chem.  Phvs.,  53,  1070  (1970). 

23.  S.  Korcek,  3.  H.  B.  Chenier,  J.  A.  Howard,  and  K.  U.  Ingold,  Can.  3.  Chem.,  50, 
2235  (1972). 


APPENDIX 


DERIVATION  OF  EQ.  IX  AND  CALCULATION  OFw  AND  k r 

In  the  stirred  flow  reactor  experiments  the  ratio  of  rates  of  formation  of 
any  two  products  is  equal  to  the  ratio  of  their  concentrations  in  the  reactor. 
Thus, 


dfot,  y-HOOR=0  )  d(-OOH)  fa,  y-HQOR=Q) 
dt  '  =  •  dt  -OOH 


(XU) 


Combining  eqs.  (IV),  (V),  (VII),  and  (XII)  yields  an  equation  quadratic  in  (a  ,  y- 
HOOR-O) ,  i.e., 


POOHI 


(a,  y-H00R=0)2 


[  k7  ♦  — -- - ,  )>,  y-HOOR -O)  *u}{  -OOH  f*  =0 

\  (-OOH  )  / 

(XIII) 


The  solution  of  eq.  (XIII)  for  fa,  y-H00R=0)  and  expahsion  of  the  square 
root  term  in  combination  with  eq.  (V)  yields  for  the  rate  of  formation  of  acid 
products 

k-U  (.OOH)  * 

I  ^ - r - 5 - 

[k^OOH)’*  n]- 


df-COOH  ) 
dt 


kylJ> 


(-OOH  ) 


1  ♦  -^(.OOH  )'* 


♦  2 
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kjo  (-OOH)'1 
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[k,  f-OOH  )'*  ♦  "f 

♦  / 
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>■ — ✓ 
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L _ 

- . .  i 

(XlV)f 


If  the  expression  in  braces  in  eq  (XIV)  is  approximately  constant,  equal  to  c, 
then  the  rate  of  formation  of  acid  products  should  obey  the  equation 


♦ 


(-ooh/2 


(IX) 


Figure  6  shows  that  eq  (IX)  does  indeed  describe’  well  the  observed 
instantaneous  rates  of  formation  of  total  acid  products  at  ISO  and  200°C.  From 
these  plots,  the  values  of  and  — T*  are  equal  to  360(20)  sec  and  3200 

sec  at  1$0°C  and  to  90  sec  d  970  sec  at  ?00°C.  The  ratio  of  these  values  in 


combination  with  previously  determined  values  of  q  yields  the  values  of  k^  which 
are  listed  in  Table  VI.  These  values  of  k^  are  used  for  the  calculations  of  and  c 
from  eq  (XIV)  and  (IX)  by  a  method  of  successive  approximations  (for  final  values 
of  w  see  Table  (XVI).  The  values  of  c  derived  by  this  procedure  are  found  to  be 
independent  of  (-OOH)  and  temperature  and  are  equal  to  1.10(1).  This  finding 
validates  the  assumption  used  in  the  derivation  of  eq  (IX). 
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ABSTRACT 

Wear  studies  carried  out  in  conjunction  with  a  study  of  the 
kinetics  and  mechanism  of  the  autoxidation  of  pentaerythrityl  tetra- 
heptanoate  (PETH)  showed  that  small  degrees  of  oxidation  produced  large 
increases  in  wear  rate.  The  results  indicate  that  monoesters  of  dicarboxylic 
acids  in  conjunction  with  hydroperoxides  are  the  oxidation  products  which 
result  in  the  increased  wear. 


INTRODUCTION 


The  reactions  of  molecular  oxygen  with  lubricants  produce  polar 
oxidation  products.  At  low  conversions  these  processes  may  not  result  in  any 
measureable  change:  in  lubricati on-related  physical  properties.  It  is,  however, 
well  known  that  low  concentrations  of  surface  active  molecules  can  have  large 
influences  on  the  wear  of  materials  under  boundary  lubrication  conditions ^ . 

In  order  to  determine  which  specific  chemical  species  are  responsible 
for  any  wear  effects  found  upon  oxidation  of  a  lubricant,  it  is  necessary  to 
have  quantitative  information  on  the  nature  of  the  oxidation  products.  Our 

laboratory  has  recently  carried  our  a  kinetic  study  of  the  oxidation  of  penta- 

(2) 

erythrityl  tetraheptanoate ,  PETH,  at  elevated  temperatures  .  In  the  course 
of  that  study  large  quantities  of  oxidized  PETH  were  generated  and  the  oxidation 
products  were  quantitatively  defined.  This  paper  reports  the  results  of  a 
laboratory  wear  study  utilizing  these  materials. 

EXPERIMENTAL 

Preparation  and  Composition  of  Pure  Oxidized  PETH 

Detailed  descriptions  of  the  purification  and  oxidation  of  PETH  and 

(2) 

the  analysis  of  the  oxidation  products  have  been  presented  earlier  .  Purifica¬ 
tion  of  technical  grade  PETH  was  accomplished  by  percolation  through  alumina 
. followed  by  vacuum  distillation  and  a  final  percolation. 

The  purified  PETH  was  oxidized  in  a  stirred  flow  reactor.  This  technique 

provides  large  quantities  of.  material  oxidized  under  precisely  controlled  condi- 

(2) 

tions  .  The  reaction  conditions  and  the  major  products  of  the  oxidations  are 
summarized  in  Table  . 

Model  Compound  ^ 

Succinic  acid  mononeopeiu vl  ester  w \s' synthesized  by  refluxing  equimolar 
concentrations  of  succinic  anhydride  and  neopentyl  alcohol  in  xylene.  The  result!:: 
product  was  purified  by  vacuum  distillation  and  assayed  at  95 7.  purity  by  titration 
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with  KOH.  Tertiary  butyl  hydroperoxide  was  a  redistilled  commercial  material 

(2) 

which  was  assayed  at  97%  purity  by  iodometric  titration  .  All  other  model 
compounds  were  commercial  materials  of  99+%  purity. 

Wear  Measurements 

Wear  measurements  were  conducted  using  a  Brown/GF.  modified  4-Ball 
apparatus  operated  at  600  RPM.  Except  where  indicated,  40’Kg  load  was  employed. 

The  wear  speciments  were  A1S1  52100  steel  balls,  grade  25.  Before  each  test, 
the  balls,  top  ball  chuck,  and  sample  container  were  thoroughly  washed  with 
Stoddard  solvent,  followed  by  reagent  grade  toluene,  acetone  and  pentane  *  The 
sample  container  and  top  ball  chuck  were  assembled,  dried  at  100°C,  then  cooled 
to  room  temperature  in  a  dessicator.  The  spindle  and  drawbar  were  washed  with 
pentane  to  remove  any  contaminants  from  the  previous  run.  Syringes  used  for 
adding  or  withdrawing  samples  were  cleaned  and  dried  in  the  same  way. 

Solutions  were  purged  with  dry  air  after  being  made  up,  then  stored  in 
a  desiccator.  At  the  beginning  of  each  run,  8  ml  of  the  test  solution  was  added 
to  the  sample  container  and  the  apparatus  assembled.  The  liquid  seal  employed  to 
maintain  a  controlled  atmosphere  was  filled  with  base  oil.  40  kg  pressure  was 
applied  and  purging  with  dry  air  started.  The  sample  temperature,  was  then  brought 
to  100°C  (except  where  indicated)  and  the  test  begun.  After  termination  of  the 
experiment,  a  sample  of  used  fluid  was  withdrawn  and  the  wear  scar  diameters 
measured  in  the  usual  manner. 

For  purposes  of  data  analysis,  the  measured  average  wear  scar, diameters 

(2) 

were  converted  to  calculated  wear  volumes  using  Feng's  -quation  . 

V  -  4.65  x  10‘2d4  -  3.21  x  10_5Wd 

3 

Where  V  equal  wear  volume  in  mm  for  3  balls,  d-  is  equal  to  wear  scar  diameter 
in  mm  and  W  equals  load  in  kg. 

Wear  of  the  rotating  ball  was  measured  with  a  stylus  profilometer . 


Exnerimental  Results  for  Pure  and  Oxidized  PETH 


A  series  of  wear  runs  of  5  minutes  duration  was  made  with  highly  purified 
PETH  and  ESFR-62  in  which  the  load  was  increased  in  10  kg  increments  to  90  kg. 

Plots  of  wear  scar  diameter  versus  load  indicated  that  the  initial  seizure  load 
was  above  50  kg.  A  40  kg.  load  was  chosen  for  the  remainder  of  the  wear  experi¬ 
ments  in  order  to  produce  readily  measured  wear  while  operating  in  the  mild  wear 
regime. 

Data  for  wear  volume  versus  time  for  ESFR-62,  fresh  PETH  and  admixtures 
are  presented  in  Fig.  1.  The  data  represent  steady  state  wear  rates  for  the 
fluids  which  were  found  to  be,  linearly  dependent  on  the  volume  fraction  of  oxidized 
PETH  (Fig  1,  insert).  This  is  equivalent  to  a  linear  dependence  on  the  concentra¬ 
tion  of  oxidation  products,  or  for  these  experiments: 

4"  -  A  +  B  £n  [Pjn 

dt  1 

where  dV/dt  denote  the  volumetric  wear  rate, 

[p]n  denotes  the  concentration  of  an  oxidation  product,  and 
A  and  B  are  experimental  constants. 

The  distribution  of  lation  products  depends  in  part  on  the  oxygen  partial 
pressure  v  '  (Table  1).  The  effect  of  product. distrioution  on  wear  was  examined 
by  comparing  the  results  obtained  with  ESFR-36  with  data  for  admixtures , composed 
of  25  volume  percent  ESFR-62  or  ESFR-65  and  75  volume  percent  pure  PETH  (Fig.  2). 
These  fluids  had  equivalent  concentrations  of  total  hydroperoxides.  The  steady 
state  wear  rates  were  found  to  be  proportional  to  the  total  acid  concentr  ion 
in  the  solution  (Fig.  3).  The  initial  wear  for  the  ESFR-65  admixture  and  for 
ESFR-36  was,  however,  significantly  greater.  For  these  experiments  in  which  the 
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total  initial  hydroperoxide  were  equal  to  about  100x10  M, 

o 

77  -  C  +  D  z"  [KCOIl] 

■  dt-  1  Jn 

0 

tl  ' 

where  [RCOH]  denotes  the  concentration  of  a  product  acid  and  C  and  D  are  experiment 


constants. 

It  should  be  noted  that  the  wear  rate  results  for  oxidized  PETH  and 
mixtures  of  pure  and  oxidized  PETH,  (Figure  1  and  3),  which  contain  higher 
concentration  of  hydroperoxide  species  also  obey  equation  (2).  This  result 
suggests  that  at  these  high  hydroperoxide  concentrations  the  wear  rates  may  be 
independent  of  hydroperoxide  concentration.  Results  from  model  system 
experiments,  vide  infra,  lead  to  the  same  conclusions. 


Experimental  Results  for  Model  Systems 

Acids  and  hydroperoxide  added  to  pure, PETH.  The  acids  formed  upon  oxidation  of 
PETH  and  other  ester  lubricants  are  about  equally  divided  into  monobasic  short 


chain  acids  and  diacid  monoesters  in  which  the  ester  substituent  is  the  PETH 


moeity,  via  the  reaction: 

0 

RCO-CH, 

0  |  0  0  00H 

RCO-CH„-C-CH,-OC- (CH_ ) -C-CH^-CH-R ' 
2  2  2  n  2 


RC0CH_.-C-CHo-0-C-(CH„)  -COH  +  CH,-CR' 
£  ,  2  2  n  j 


»  I 
RC0-CH-, 

4m 


Monobasic  acids  were  added  in  amounts  comparable  to  their  concentrations 
in  oxidized  PETH  to  assess  their  effect  on  wear.  The  influence  of  the  diacid 
monoesters  was  assessed  by  adding  the  monomethyl  esters  and  succinic  acid  mono¬ 
neopentyl  ester  as  model  compounds.  These  acids  were  added  to  both  pure 
PETH  and  pure  PETH  containing  added  tertiary  butyl  hydroperoxide. 

Table1  IT  presents  results  which  s'-,'  -  *v.  ,  v  th  >  ■  '  * :  on  of 

the  various  acids,  to  pure  PETH  on  the  amount '  of  nr  ’•a ted  in  30  minutes 
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test  time.  The  lower  molecular  weight  monobasic  acids  formed  during  PETH 
oxidation  produced  only  a  small  increase  in  wear.  The  diacid  monomethyl  esters 
produced  substantial  increases  in  wear.  The  influence  of  the  mononeopentyl 
ester  was  intermediate. 

Table  Til  shows  the  effect  of  adding  the  various  acids  to  pure  PETH 
-4 

containing  420x10  tertiary  butyl  hydroperoxide.  The  presence  of  the  hydroperoxide 
brought  about  further  large  increases  in  wear.  As  in  the  system  without  hydroperoxi 
the  effects  of  the  monobasic  acids  '..'ere  minimal  or,  in  the  case  of  heptanoic  acid, 
wear  was  decreased.  The  model  dibasic  acid  monoesters  increased  the  amount  of 
wear.  In  the  presence' of  hydroperoxide,  succinic  acid  moncneopentyl  ester  was 
as  effective  in  increasing  wear  as  were  the  other  monoesters.  Results  obtained 
employing  succinic  acid  and  adipic  acid  in  place  of  the  monoesters  are  presented 
in  Tables  II  and  III  for  comparison. 

Experiments  in  which  the  initial  concentration  of  hydroperoxide  was 

varied  (Fig.  4)  suggest  that  the  wear  rates  become  independent  of  hydroperoxide 
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concentration  above  about  100x10  M  for  the  model  systems.  It  should  be  noted 
that  this  result  is  in  general  agreement  with  the  behavior  observed  for  oxidized 
PETH  and  its  admixtures  with  pure  PETH. 

The  concentration  of  hydroperoxide  was  monitored  by  iodometric  titration 
for  several  wear  experiments  and  in  a  blank  Experiment  in  which  the  balls  were 
not  in  contact.  Due  to  the  volatility  of  tertiary  butyl  hydroperoxide,  the 
concentration  of.  hydroperoxide  decreased  significantly  during  the  wear  experi¬ 
ments  on  the  model  systems;  about  85%  of  the  initial  hydroperoxide  being  lost 
in  30  minutes  running  time. 

Acids  Added  to  Oxidized  PETH 

To  further  test  the  hypothesis  that  diacid  monoesters  play  a  crucial  role 
in  determining  the  wear  behavior  of  oxidized  PETH,  model  compounds  and  monobasic 
acids  were  added  to  25  volume  percent  ESFR-65  in  fresh  PETH  (Tabic  IV).  The  •• 
results  are  in  general  asroeirent  with  those  s..en  tor  .the  model  systems'  described 
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previously.  Little  effect  was  observed  upon  the  addition  of  propionic  acid, 
wear  was  decreased  upon  the  addition  of  dodecanoic  acid,  and  the  wear  increased 
upon  the  addition  of  dibasic  acid  monoesters. 

'.vaar  of  the  Rotating,  Rail 

The  results  of  wear  measurements  on  the  rotating  ball  for  selected 
specimens  are  presented  in  Table  V.  The  data  are  consistent  with  the  3  ball  wear 
results.  Greater  wear  is  noted  for  oxidized  PETH  than  for  fresh  PETH.  The 
addition  of  hydroperoxide  and  monoesters  of  dibasic  acids  to  frech  PETH  results 
in  wear  increases.  Although  insufficient  data  has  been  accumulated  at  this  time' 
to  allow  unambiguous  interpretation,  it  may  be  noted  that  the  relative  wear 
on  the  rotating  ball  decreased  when  the  concentration  of  the  diacid  monoesters 
became  sufficiently  high,  suggesting  a  change  in  the  wear  mechanism. 

Conclusions 

Although  it  is  premature  to  propose  a  detailed  mechanochemical 
mechanism  for  the  increased  wear  observed  with  autoxidized  PETH,  the  experimental 
results  are  consistent  with  the  following  description  of  the  wear  kinetics: 

.  The  wear  rates  are  proportional  to  the  concentration  of 
acid  products. 

.'  The  wear  rates  are  independent  of  the  concentration  of  hydro- 
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peroxides  above  ca  100x10  M. 

Further,  specific  structural  effects  must  play  a  rdle.  Monoacid  products  have 
little  effect  while  low  concentrations  of  dibasic  acids  or  dibasic  acid  mono- 
esters  of  comparable  molecular  weights  greatly  accelerated  the  wear  process. 

The  results  suggest  that  similar  studies  on  simpler  systems  for  which  specific 
oxidation  products  can  be  readily  synthesized  may  lead  to  a  better  understanding 
of  the  mechanochemical  processes  which  produce’  those  large  effects. 
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TABLE  I 


A.  Principal  Products  and  Oxidation  Conditions  for  Autoxidized  PETH 


Sample 

Temp . , 
°C 

Residence 

Time 

Sec . 

1 00  Pressure 
kPa 

Total  Hydroperoj 
MxlO4 

:ldes^  Total  A 
MxlO' 

ESFR-62 

180 

368 

109 

436 

165  ' 

ESFR-65 

180 

364 

111 

413 

152 

ESFR-36  • 

200 

70 

24 

110 

16 

b/ 

B.  Distribution  of  Acids  for  ESFR-62 

Monoacids,  MxlO^  — ^  Principal  Diacid  Half  Esters,  MxlO^  — ^ 


24.4  14.2  2.8  1.5  1.1  47.7  91.7  11-23  24  10 


a/  All  product  concentrations  are  at  26°C 
b/  Subscript  to  C  denotes  the  number  of  carbon  atoms 
c /  Based  on  direct  analysis  for  monoacids  (2). 

d/  Based  on  analysis  of  terminal  diols  from  LiAlH^  reductions  of  the  oxidized  sample  (2) 


TABLE  II 


Effect  of  Monoacids, 

Diacids  and  Diacid 

Monoesters 

cn  the  4-Ball  Wear  Behavior  of  Pure  PETH 

Concentration, 

Wear  Scar 

Wear 

Volume  for 

Add  i  t i 

4  • 

>  l  arv  1 1.1  c »  rr. 

3 

t  i  ,  — .  3 ...  ’  n  3 

None 

— 

0.533 

3.1 

Monobssic  Acids 

2 

0.54! 

3.3 

ID 

0.31.1 

2.5 

Hep  tannic  acid 

3 

0 . 503 

2.5 

Propionic  acid 

S3 

0.567 

3.9 

Acetic  acid 

9.3 

0.550 

3.6 

■ 

87 

0.588 

4.7 

r  -•  v  -  e  :  - 

Succinic  acid 

5 

0.549 

3.5 

10 

0.618 

6.0 

20 

0.670 

8.5 

100 

0.733 

12.8 

Adipic  acid 

10 

0.653 

7.6 

100 

0.831 

23.3 

Dibasic  Acid  Monoesters 

Succinic  acid  r.nn  ;~etnyl  ester 

50 

0.649 

7.4 

100 

n ,  A70 

8.5 

Adipic  ac  d  mononethy 1  ester 

27 

0.654' 

7.7 

50 

0>63 

8.1 

Succinic  arid  rononcopent yl  ester 

30 

0.607 

5.1 

TABLE  III 


Effect  of  Monoacids,  Diacids  and  Diacid  Monoesters 

on  the  4-Ball  Wear  Behavior  of  an  Admixture  of  Pure 

PE1H  and  Tertiary  Eutyl  Hydroperoxide.  Initial 

-4 

Hydroperoxide  Concent  rat i on :  42  jx10  M 


Concentrat ion,  .  Wear  Scar  Wear  Volume  for 


Additive 

M  x  1 0“ 

Diameter,  r.m 

3  Balls,  r.m 

None 

— 

0.656 

7.8 

Monobasic . Ac  ids 

Heptanoic  acid 

50 

0.563 

4.0 

Propionic  acid 

50 

0.651 

7.5 

Dibasic  Acids 

Succinic  acid 

27 

0.849 

23.1 

50 

0.903 

29.8 

Adipic  acid 

27 

0.735 

12.6 

Dibasic  Acid  Monoesters 

• 

Succinic  acid  monomethyl  ester 

50 

C.786 

16.7 

Adipic  acid  monomethyl  ester 

10 

0.714 

11.2 

27 

0.723 

11.8 

50 

0.764 

14;9 

Succinic  acid  mononcopentyl  ester 

28.5 

0.737 

12.8 

39 

0.725 

11.9 

50 

0.873 

27.0 

TABLE  IV 


Effect  of. Monoacids  and  Diacid  Monoesters  on 
the  4-Ball  Wear  Behavior  of  an  Admixture  of  25 
Volume  Percent  ESFR-6S  in  Pure  PETH  . 

Test  Time:  30  min. 


Concentration, 

Wear  Scar 

Wear  Volume  for 

Additive 

V;.;  1  f)4 

_t  x  _r_,  _mn 

3  Balls,  mm 3 1  0 3 

None 

— 

0.692 

9.8 

Monobasic  Acids 

Dodecanoic  acid 

8 

0 . 604 

5.4 

Propionic  acid 

10 

0.642 

7.1 

50 

0.716 

11.3 

Dibasic  Acid  Monoesters 
Succinic  acid  mononecpentyl 

ester 

10 

0.691 

9.7 

50 

0.719 

11.5 

Test 

Time:  60  min. 

Additive 

Concentration, 
Mx  1  O'* 

Wear  Scar 
Diameter,  mn 

Wear  Volume  for 

3  Balls,  nrr.3xl03 

None 

0.754 

,  14.3 

Monobasic  Acids 

Dodecanoic  acid 

8 

0.689 

9.6 

Propionic  acid 

10 

0.779 

16.1 

50 

0.791 

17.2 

Dibasic  Acid  Monoesters 


Succinic 

acid 

tnonomethyl'  ester 

10 

0.833 

21.3 

40 

0.872 

25,8 

Succinic 

acid 

mononeopentyl  ester 

10 

0.847 

23.9 

50 

0.830 

21.1 

TABLE  V 


Results  of  Wear  Measurements  on  the  Rotating  Ball 


Run  Time 

Total  Wear 

Wear* 

Base  Fluid  Additives 

min. 

mn^xlO^ 

Ra  tic 

Pure  PETH  - 

15 

6.8 

2.3 

60 

15.5 

1.9 

Adipic  acid  monomethyl  ester,  2.7x10  M 

30 

15.6 

1.9 

Adinic  acid  nsononothv  1  ester,  10>:!0-l!k  M 

30 

14.6 

0.9 

Adipic,  acid  me  ru  methyl  eater,  2S0>:!0  *M 

30 

18.9 

0.7 

Succinic  acid  nonorethy]  ester,  100x10— L'-I 

30 

25.1 

0.‘ 

Tertiary  butyl  hydroperoxide,  420xI0“^M 

30 

28 

2.6 

Tertiary  butyl  hydroperoxide,  420xl0_^M 

.  .  60 

32 

3.2 

Tertiary  butyl  hydroperoxide,  420x10  ’M 

30 

31.2 

1.1 

Adipic  acid  monomethyl  ester,  50xl0"4>i 

• 

Tertiary  butyl  hydroperoxide,  420xl0-il:1 

30 

42.6 

1.6 

Succinic  acid  monomethyl  ester,  50xl0~^M 

Tertiary  butyl  hydroperoxide,  420xl0-,!*M 

30 

38.3 

0.4 

Succinic  acid  mononeopentyl  ester  50x10““^ 


ESFR-36 

— 

—  - 

.  —  —  — 

20 

13.1 

1.1 

-  - 

■  -  -  - 

60 

24.4 

1.2 

25  volume 

_  | 

30 

18.6 

2.5 

percent 

— 

-  - 

-  -  -  - 

60 

27.7 

1.8 

ESFR-62 

• 

' 

25  volume 

20 

14.3 

0.9 

percent 

-  - 

■  -  -  T 

60 

36.8 

1.8 

ESFR-65 

Succinic 

acid 

nonomethyl  ester,  40xl0“^M 

60 

46.0 

0  ;9 

Succinic 

acid 

monomethyl  ester,  10xl0"^M 

60 

68.1 

2.2 

Succinic 

acid 

nononeopentyl  ester,  50xl0-M>! 

30 

29.3 
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TEST  TIME, min. 


Wear  volume  and  wear  scar  diameter  for  3  stationary  balls  versus 
time  for  pure  PETU,  oxidized  PETH  and  admixtures. 
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Oxidized  PETU;  ;'Si 
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calculated  for  J  bn  1  Is.  versus  volume  fraction 
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TIME,  min. 

V.Var  volume  and  ..car  .-.cur  diameter  for  3  stationary  balls  versus  tine 
for  ESFR-36  (oxidized  under  reduced  oxygen  pressure)  and  for  admixtures 
of  ESFR-62  and  ESFR-65  with  pure  PETH,' haying  equivalent  total  hydro¬ 
peroxide  concentrations. 

O  0.25  volume  fraction  ESKR-62  in  pure  PETH.  total  hydroperoxide 
r>'  r-/  i op  •»  1  rotnl  arid  concentration  "  41x10" *M 

O  0.25  volume  fraction  FSF"-b5  in  pure  PF.T1I,  total  hydroperoxide 
concern  rat  I  orr  *  .  1 0  5x  total  .icfj  copv  ear  ration  -  <SxlO"',M 

&  FSp- total  f.  V:vporoxld<?  concentration  ”  110x10— *M, 
total  acid  concentration  ■  !6xlO"^M  . 

P  Pure  PETH 


WEAR  RATE  FOR  3  BALLS ,  mnr  x  10  /min 
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3  -  Wear  rate  for  3  balls  versus  total  acid  concentration  for  ESFR-36 
0.25  volume  fraction  ESFR  62  and  65  and  fresh  PETH 

Fresh  PETH 

0.25  volume  fraction  FSFR-65  in  nure 
0.25  volume  fraction  ESFR-62  in  pure  PETH 
ESFR-36  -  ' 
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~  Wear  volume  and  wear  scar  diameter  for  3  stationary  balls  for  admixtures 
of  2.7xlO"^M  adipic  acid  monomethyl  ester  and  tertiary  butyl  hydroperoxide 

in  pure  PETH  versus  the  initial  concentration  of  addea  tertiary  butyl 
hydroperoxide. 

O  60  minutes'  run  time 

A  30  minute's  run'  time 

n  20  minutes  run  time 


